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Abbreviations 
AlaJ 3-methylalanyl moiety of (2S,3S,6R)-3-methyllanthionine 
Alas D-alanyl moiety of meso-lanthionine 
cjAla L-alanyl moiety of meso-lanthionine or 
of (2S,3S,6R)-3-methyllanthionine 
CD circular dichroism 
CMC critical micelle concentration 
COSY correlated spectroscopy 
1D/2D/3D one-/two-/three-dimensional 
Dha dehydroalamne 
Dhb dehydrobutynne (3-methyldehydroalanine) 
DPC dodecylphosphocholine 
DQF-COSY double-quantum filtered correlated spectroscopy 
Αφ transmembrane potential 
ESR electron spin resonance 
NMR nuclear magnetic resonance 
NOE nuclear Overhauser enhancement 
NOESY nuclear Overhauser enhancement spectroscopy 
О dehydrobutynne (3-methyldehydroalanine) 
PC dioleoylphosphatidylchohne 
Ρ COSY purged correlated spectroscopy 
PG dioleoylphosphatidylglycerol 
ppb parts per billion 
ppm parts per million 
RMSD root-mean-square deviation 
ROE rotating-frame nuclear Overhauser enhancement 
ROESY rotating-frame nuclear Overhauser enhancement spectroscopy 
1 
RP-HPLC reversed-phase high-performance liquid chromatography 
SDS sodium dodecylsulphate 
TFE trifluoroethanol 
TOCSY total correlated spectroscopy 





The health of animal and human is permanently threatened by pathogenic bacteria 
Micro-organisms are usually the major cause of food-related diseases and spoilage 
in the production and storage of food and beverages Antibiotics and food preser-
vatives, such as nitrate, are generally used to combat these infections However, 
because of the potential danger of selection of antibiotic resistant bacteria and pol-
lution of the environment, there is a growing interest to replace these substances 
by natural products that are easily degradable and harm neither the individual nor 
the environment The biomolecules of interest in this respect are the bactenocins, a 
group of polypeptides and proteins produced by bacteria, which have a bactericidal 
(bacteria-killing) activity and which are not lethal to the producer cell Based on 
their mode of action and their structure bactenocins can be subdivided into several 
classes, one of which is formed by the lantibiotics Nisin is a well-known example of 
this class and this polypeptide is the subject of this thesis 
Bactenocins may be tailored for optimal application via protein engineering by 
altering biophysical and biochemical properties, such as solubility, activity and tar-
get cell specificity A rational design of novel bactenocins is only possible if a pro-
found knowledge of the structure/function relationship of the wild-type molecules 
is available In this thesis an NMR study is described aimed at the unraveling of 





A number of antimicrobial polypeptides (bactenocins) that are produced by bacteria 
have been found to contain, next to a few other unusual amino acids, the uncom­
mon thioether-bndged residues lanthionine and 3-methyllanthionme Because of 
this, these bactenocins have been called 'lantibiotics' (Schnell et al, 1988) As in­
dicated in Table 1 1, currently about 25 lantibiotics are known The paradigm of 
lantibiotics is nisin Interesting aspects of lantibiotics include their mode of action, 
their biosynthesis, which involves the help of unique enzymes, and their (potential) 
applications 
Based upon their structure and biological function the lantibiotics are subdivided 
into two subclasses type A and type В (see Table 1 1) (recent reviews (Jung, 1991, 
Jung & Sahl, 1991, Bierbaum & Sahl, 1993, Entian & Klein, 1993, Hansen, 1993, 
Sahl et al, 1995)) Type-A lantibiotics are elongated cationic polypeptides, which 
exert their bactericidal function primarily via membrane perturbation Members 
of this group are amongst others, nisin A (Gross &; Morell, 1971), subtilin (Gross 
et al , 1973), Pep5 (Kellner et al, 1989), epilancin Κ7 (Van de Kamp et al , 1995a), 
epidermin (Allgaier et al , 1986) and gallidermin (Kellner et al, 1988) The type-A 
lantibiotic gallidermin can be considered as a natural variant of epidermin, galh-
dermin has a leucine at position 6, whereas epidermin contains an isoleucine at that 
position Another natural variant of epidermin and galhdermin has been found with 
a valine at position 1 and a leucine at position 6 (Sahl, 1994) Also a natural variant 
of nisin A, called nisin Ζ (Mulders et al, 1991), has been found with an asparagine 
residue at position 27 instead of a histidine residue Both variants have equal bio­
logical activities (De Vos et al , 1993) Nisin A will further be referred to as шып 
Also for subtilin a variant, called subtilin B, has been isolated Its structure has 
been shown to be [Na-succinyl-Trpl]subtihn with а 10 20 times lower activity (Chan 
et al , 1993) 
Type-B lantibiotics are globular, have a low net charge, and are enzyme in­
hibitors Representatives of this group are the duramycins (Fredenhagen et al , 
1991), cinnamycin (Benedict et al, 1952), ancovenin (Wakamiya et al , 1985), mer-
sacidin (Kogler et al , 1991) and actagardine (Kettenring et al , 1990, Zimmer­
mann et al , 1995) The amino-acid sequences of the duramycins, cinnamycin and 
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"Taken from Sahl et al , 1995 
bFor references, see text 
CA lysinoalanine introduces the fourth cyclic structure 
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ancovenin are almost identical They thus can be regarded as natural variants The 
grouping of actagardine and mersacidin together with the duramycin-like lantibi-
otics as type В is based on similarities between their prepeptide sequences (Bier-
baum et a l , 1995) 
The current interest in the application of lantibiotics grows almost in parallel 
with the number of newly discovered lantibiotics Recently discovered ones are 
lactocin S (M0rtvedt et a l , 1991), lacticin 481 (Piard et al , 1992), staphylococcin 
AU-26 (Scott et a l , 1992), carnocin Ш49 (Stoffels et al , 1992), salivarían A (Ross 
et al , 1993), cytolysins LI and L2 (Gilmore et al , 1994), streptococcin A-FF22 (Jack 
et al , 1994b), mutacin (Novak et al , 1994), and epilancin K7 (Van de Kamp et al , 
1995a) With the exception of epilancin K7, their primary structures have not fully 
been established yet 
The presence of the unusual residues hampers the elucidation of the amino-acid 
sequence of lantibiotics by conventional Edman degradation techniques NMR spec-
troscopy has been applied succesfully to determine the primary structure of epilancin 
К 7 (Van de Kamp et al , 1995a, Van de Kamp et al , 1995b) Alternatively, lantibi­
otics can be chemically modified to allow a complete Edman degradation (Meyer 
et a l , 1994) Mass spectrometry (Liptak et a l , 1994), and NMR spectroscopy can 
be used to determine the bridging pattern of the lanthionmes 
1.2 Nisin 
The prototype of the type-Α lantibiotics is nisin Its molecular weight is 3353 Da 
(Jung, 1991) This polypeptide is produced by food-grade strains of Lactococcus 
lattis subsp lactis Nisin is non toxic for mammals and man (Hurst, 1981) The 
average lethal dose (LD5 0) of nisin was found to be 7 g/kg and is similar to that of 
common salt It specifically inhibits growth of a number of Gram-positive bacteria 
and inhibits outgrowth of spores of e g Bacilli and Clostridia (Hurst, 1981, Hurst & 
Hoover, 1993) Nisin is both soluble and stable in aqueous solution at low pH, but at 
high pH it is inactivated by chemical modification (Liu &¿ Hansen, 1990) It consists 
of 34 amino-acid residues, among which several modified residues such as lanthionine, 
3-methyllanthionine, dehydroalanine and dehydrobutynne (see Figure 1 1) The 
lanthionmes in positions 3 and 7, 8 and 11, 13 and 19, 23 and 26, and 25 and 28 
6 
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H - Ç - H H - C - H 
H j N - C - H (S) H - C - N H 2 (R) 
COOH COOH 
Figure 1.1: The primary structure of nisin and structures of the unusual amino acids 
A A 
(a) dehydroalanine = U, (bj dehydrobutynne = О, (c) lanthiomne = S~^ and 
A* A 
(d) 3-methyllanthiomne = S . 
form five ring structures in the nisin molecule, these rings are designated A, B, C, 
D and E, respectively. The lanthionine rings D and E are intertwined. D-Amino 
acids are found in positions 3, 8, 13, 23 and 25. The total chemical synthesis of nisin 
has been achieved (Fukase et al., 1988). The primary structure of nisin is similar to 
that of subtihn: the sequence identity between both lantibiotics is 60% and the ring 
systems, formed by the lanthionines, are identical. 
1.3 Mode of action of nisin 
Nisin exerts its bactericidal activity primarily via interaction with the membrane of 
sensitive cells. It has been postulated that the membrane function is disturbed by 
pore formation and not by general destabilization of the bilayer. Upon addition of 
nisin to cells of several Gram-positive bacteria a rapid efflux of amino acids, ATP 
and monovalent cations can be observed (Ruhr L· Sahl, 1985; Kordel & Sahl, 1986). 
The efflux velocity was for example as rapid for R b + as for larger positively and 
negatively charged amino acids, indicating that there is no selectivity for charge 
and size (up to a certain size) of the nisin mediated efflux (Ruhr & Sahl, 1985). 
However, no efflux of high-molecular-weight compounds (larger than about 500) has 
7 
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been observed (Sahl et al., 1987; García Garcerá et al., 1993). 
It has furthermore been found that the addition of nisin leads to a rapid decrease 
of the membrane potential {Αφ) in sensitive cells (Ruhr к Sahl, 1985) and to a dis­
sipation of the pH gradient (ΔρΗ) in artificial liposomes (Gao et al., 1991, García 
Garcerá et al., 1993). In fact, dissipation of the membrane potential and of the 
pH gradient in liposomes by nisin both display the same concentration dependence, 
which suggests that the two components of the protonmotive force are equally effec-
tive in promoting insertion and pore formation of nisin in the membrane (Gao et al., 
1991). Depletion of the protonmotive force and exhaustion of the cellular ATP re-
serves upon addition of nisin have been reported for Listeria monocytogenes (Bruno 
et al., 1992; Winkowski et al., 1994) and Clostridium sporogenes PA 3679 (Okereke 
к Montville, 1992). The addition of nisin Ζ to Listeria monocytogenes results in 
immediate loss of cell K + , depolarization of the cytoplasmic membrane, inhibition 
of the respiratory activity, and hydrolysis and partial efflux of internal ATP (Abee 
et a l , 1994). It has been hypothesized that bacteriocins from lactic acid bacteria 
share a common mechanism of action, which is the dissipation of the protonmotive 
force (Bruno к Montville, 1993). 
A variety of other experiments has been performed, the results of which are 
all consistent with the conclusion that the membrane is the target site of nisin. 
The Gram-negative bacterium Escherichia coli becomes sensitive to nisin when the 
outer membrane is made permeable by osmotic shock (Kordel к. Sahl, 1986). Also 
a bactericidal activity of nisin connected to the growth of Gram-negative bacteria 
has been observed when applied in combination with a chelating agent that al­
ters the outer membrane (Stevens et al., 1991). The disruption of the membrane 
function helps to explain the general inhibition of macromolecule synthesis noted 
in Micrococcus luteus (Henning et al., 1986). Cytoplasmic membranes and isolated 
phospholipid components have an antagonistic effect on the growth-inhibitory activ­
ity of nisin (Henning et al., 1986). AU available data thus suggests that nisin exerts 
its antimicrobial activity via an interaction with the phospholipid components of 
the cytoplasmic membrane followed by interference with the membrane function. 
To exert its bactericidal activity nisin does not seem to require a specific mem­
brane receptor, but its activity depends on a membrane potential of sufficient 
height (Sahl et al., 1987). For intact cells the threshold potential is between -50 
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and -80 mV at pH 7 5 and below -50 mV at pH 5 5 (Sahl et a l , 1987) Nisin ef­
ficiently dissipates the Aip in cytochrome с oxidase proteohposomes reconstituted 
with phosphatidylglycerol (PG), with a threshold Δί^ requirement of about -100 
mV (Dnessen et al , 1995) The threshold Αφ has to be inside negative (trans-
negative) and the pH gradient inside alkaline (Sahl et al , 1987, Gao et al , 1991, 
Garcia Garcera et a l , 1993) Single channel recordings on black lipid membranes 
demonstrated the presence of transient multistate pores with diameters of 0 2 to 1 
nm and lifetimes of a few to several hundred milliseconds (Sahl et a l , 1987) 
The antimicrobial activity of nisin is dependent on the phospholipid composition 
of the liposomal membrane (Gao et a l , 1991, Garcia Garcerá et al , 1993, Dnessen 
et a l , 1995) In the absence of anionic phospholipids nisin acts as an amon-selective 
carrier (Dnessen et al , 1995) In vivo, however, this activity is prevented, which is 
most likely due to electrostatic interactions with anionic lipids of the target mem-
brane Nisin associates with the anionic surface of PG liposomes and disturbs the 
lipid dynamics near the phospholipid polar head-group water interface It is sug-
gested that pore formation by the cationic nisin involves the local perturbation of 
the bilayer structure and a Δ^-dependent reorientation from a surface-bound to a 
membrane-inserted configuration This hypothesis is in agreement with studies on 
nisin and non-energized liposomes (Kordel et al , 1989), which suggest that nisin 
does not span the membrane in the absence of a membrane potential, the poten­
tial may however be required for pore formation by forcing the polypeptide into a 
transmembrane orientation Anionic liposomes are affected stronger than neutral 
membranes, indicative of primarily electrostatic interactions with negatively charged 
phospholipid head-groups (Kordel et al , 1989) 
Another effect of nisin has been demonstrated, namely the induction of autol­
ysis (Bierbaum k. Sahl, 1985, Bierbaum & Sahl, 1987) Although this is not consid­
ered to be the primary cause of cell death, it may contribute to the overall bacteri­
cidal capacity of the polypeptide 
Besides the inhibition of bacterial growth, nisin also inhibits the outgrowth of 
bacterial spores Evidence has been obtained that nisin interferes with the mem­
branes of germinated spores It has been speculated that nisin becomes covalently 
attached to membrane sulfhydryl groups by reaction with one or more dehydro 
residues in the nisin molecule, although no covalent adduct has been identified 
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(Morns et a l , 1984) The inhibition of growth of vegetative cells and of outgrowth 
of bacterial spores most likely occurs via different mechanisms In connection to 
this, it is interesting to note that the existence of at least two different relatively 
independent modes of action have recently been demonstrated for the [antibiotic 
subtilin (see section 1 6) 
Depolarization of the membrane is also caused by the type-Α lantibiotics Pep5, 
subtilin, epidermin, galhdermin, streptococcin A-FF22 and epilancin K7, e g 
(Kordel et al , 1988, Schuller et a l , 1989, Benz et a l , 1991, Jack et al , 1994a, 
Driessen et a l , 1995) 
1.4 Chemical modifications of nisin 
The lantibiotics are nbosomally synthesized as prepeptides containing an N-terminal 
leader sequence (Schnell et a l , 1988) This is in contrast to the 'conventional an­
tibiotics' which are synthesized by multi-enzyme complexes The unusual amino 
acids are introduced posttranslationally Dehydroalanine and dehydrobutyrme are 
formed by dehydration of serine and threonine, respectively (see Figure 1 2) The 
dehydrobutyrme is in the Z-configuration (Chan et a l , 1989b) Cysteine thiol groups 
can undergo an addition reaction with these a-/?-unsaturated amino acids, which re­
sults in lanthionine and 3-methyllanthionine (Ingram, 1969, Ingram, 1970) The part 
of (3-methyl)lanthionine derived from serine or threonine is always in the inverted 
D-configuration, whereas the other half, which originates from a cysteine residue, has 
retained its L-configuration (Gross &; Morell, 1971) The C0 of 3-methyllanthionine 
is in the S-configuration (Morell & Gross, 1973) 
Modification of amino-acid residues in the leader part of premsin appears not to 
occur (Kuipers et a l , 1993b, Van der Meer et a l , 1993) Secretion of an intermediate 
in nisin biosynthesis was found to be independent of cleavage of the leader peptide 
and there exists strong evidence that the proteolytic processing of a fully modified 
precursor peptide forms the last step in the biosynthesis of nisin The isolation and 
the characterization of a Pep5 prepeptide containing dehydrated amino acids and no 
lanthionines have suggested that the maturation of the lantibiotic might be initiated 
by selective dehvdration and that thioether ring formation is probably not closely 






































Ftgure 1.2: Scheme for the formation of the unusual residues in nisin, based on that 
proposed by Ingram m 1970. Serine and threonine are dehydrated to dehydroalanine (left) 
and dehydrobutynne (right), respectively. Nucleophihc addition of the sulfhydryl group of 
cysteine to the dehydrated residues occurs with stereo-inversion and results m the lanthio-
nmes. 
1.5 Biosynthesis of nisin 
The structural nisA gene codes for a prepeptide that is 57 amino acids long, includ-
ing a leader peptide of 23 residues (Buchman et al., 1988; Kaletta h Entian, 1989; 
Dodd et al., 1990). The nisin-Z-encoding gene has also been cloned and sequenced 
and differs from the nisA gene by a single mutation (Mulders et al., 1991). Gene 
nisA is part of a large gene cluster, i.e. A-B-T-C-I-P-R-K-F-E-G (Kuipers et al., 
1993a; Engelke et al., 1994, Siegers & Entian, 1995) (see Figure 1.3). It is believed 
that the genes nisB and nisC encode the enzymes required for the introduction of 
unusual amino acids in the primary translation product (Steen et al., 1991, Engelke 
et al., 1992; Kuipers et a l , 1993a). The product of gene nisT is probably involved 
in secretion of the prepeptide (Engelke et al., 1992; Kuipers et al., 1993a). Gene 
nisP encodes a subtilisin-like serine protease, involved in cleavage of the leader pep-
tide sequence from the final precursor peptide (Van der Meer et al., 1993; Engelke 
et al., 1994). Genes msR and msK encode a regulatory protein and a histidine 
kinase involved in regulation of nisin production, respectively, with strong similar-
ities to proteins of two-component regulatory systems (Van der Meer et al., 1993; 
Engelke et al., 1994). The protein products of msF and msi? show strong homology 
to members of the family of ABC (ATP-binding cassette) transporters (Siegers & 
Entian, 1995) The genes nisi, msF, msE and msG are postulated to be involved 
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chemical modilicalion immunity 
nisF ntsE msG 
225 241 214 
Figure 1.3: Genetic organization of the nisin biosynthetic gene cluster (see text for ref­
erences). The figures below the genes refer to the number of ammo-acid residues of the 
primary translation products (Siezen et al., 1995). The (putative) biological role of each 
of the gene products is indicated. 
in immunity to nisin (Kuipers et al., 1993a; Engelke et al., 1994; Siegers к. Entian, 
1995). 
The individual genes involved in the biosynthesis of nisin show strong homology 
to genes involved in the biosynthesis of other lantibiotics, e.g. of subtilin (Klein 
et al., 1992; Klein et al., 1993; Klein & Entian, 1994). Recently, an enzyme in­
volved in the maturation of epidermin has been purified (Kupke et al., 1992). It 
appears to be able to alter a precursor polypeptide m vitro (Kupke et a l , 1994). The 
peptide modification system of lantibiotics has promising prospects to be exploited 
as a novel tool in protein engineering. For example, the thermostability and the 
protease resistance of a protein can be expected to improve by the introduction of 
lanthionines. 
1.6 Nisin mutants 
The identification and characterization of the genes involved in the biosynthesis of 
nisin opens up possibilities to engineer nisin to study its structure/function relation­
ship and to design novel mutants with tailored biophysical and biochemical proper­
ties, such as a different activity spectrum. Expression systems for (mutated) nisin 
have been developed (Dodd et al., 1992; Kuipers et al., 1992). Via site-directed mu­
tagenesis the Ser5 codon has been replaced by a Thr-codon, resulting in a Dha5Dhb 
nisin Z, the antimicrobial activity of which is 2-10 times lower than that of wild-type 
nisin Ζ (Kuipers et al , 1992). A double mutant in which codons for Metl7 and Glyl8 
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are substituted for Glu and Thr codons, respectively, led to the production of two 
mutants, namely nisins Metl7Glu/Glyl8Thr and Metl7Glu/Glyl8Dhb (Kuipers 
et a l , 1992) Thus, it is possible to engineer into nisin an extra dehydrated residue 
The Metl7Gln/Glyl8Dhb mutant shows similar activities as wild-type nisin The 
Metl7Gln/Glyl8Thr mutant is 4 times less active against 2 indicator strains and 
twice as active against Micrococcus flavus than wild-type nisin, indicating that the 
effect of the amino-acid substitutions on the bactericidal activity of nisin vanes with 
the target organism Nisin producer strains are immune to the mutants There are 
indications that the mutations His27Gln and His27Gln/Val32Ile have no significant 
effect on the activity of nisin A (Dodd et a l , 1992) [Ile-Thr-Pro-Gln]-nisin Ζ showed 
at least 200-fold lower antimicrobial activities than nisin Ζ (Kuipers et al , 1993b) 
Compared to wild-type subtihn, the subtihn Glu4Ile mutant possesses improved 
chemical stability and antimicrobial characteristics, and thus demonstrates that it 
is possible to improve the functional properties of lantibiotics (Liu L· Hansen, 1992) 
The inhibition of spore outgrowth and inhibition of vegetative cells are suggested 
to occur via different mechanisms, because the subtihn Glu4Ile/Dha5Ala mutant 
is fully active against vegetative cells, but is unable to inhibit the outgrowth of 
spores (Liu & Hansen, 1993) 
1.7 Degradation of nisin 
Nisin is sensitive to degradation, which occurs at the dehydroalanines at positions 
5 and 33 (Gross, 1977, Chan et a l , 1989a, Rollema et a l , 1991) No degradation 
has been observed for the dehydrobutynne at position 2, which thus is apparently 
more stable than the dehydroalanines The a,/?-unsaturated dehydroalamne can 
decompose to an amide and a keto acid, probably via a saturated α-ОН interme­
diate (Gross, 1977) Degradation at Dha5 results in [a-OH-Ala5]msin and [des-
Dha5]nisin, the first molecule contains a modified alanine residue with a hydroxyl 
group instead of an H a proton at position 5 and for the second molecule ring A is 
opened with an amide at position 4 and a keto acid at position 6 (Chan et al , 1989a, 
Rollema et al , 1991) Both molecules show a significantly reduced antimicrobial ac­
tivity Two other molecules, which differ from wild-type nisin at position 33, have 
been isolated from a commercial nisin preparation [Ser33]nisin and nisin-(l-32), 
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the latter molecule having an amide at position 32 (Chan et a l , 1989a, Rollema 
et a l , 1991) These modifications at Dha33 have little or no effect on the activity 
The importance of Dha5 for activity is consistent with the finding that nisin is 
inactivated by reaction with mercaptans, which modify the dehydro-residues (Liu 
& Hansen, 1990) It has been postulated that the loss of activity of subtihn against 
outgrowth of bacterial spores is most probably related to a spontaneous chemical 
modification of the dehydroalamne residue at position 5 (Liu k. Hansen, 1992) 
1.8 Application of nisin 
The antimicrobial activity of nisin against food-spoilage bacteria such as Clostridia 
and its non-toxic nature have led to its application in a variety of food prod-
ucts Nisin is a naturally occurring product in various fermented foods, especially 
dairy products, and has thus been consumed safely by humans for hundreds of 
years (Taniguchi et al , 1994) In 1969, nisin has been given international accep-
tance as a food additive by the Joint Food and Agriculture Organization/ World 
Health Organization (Vandenbergh, 1993) This lantibiotic is the first bactenocin 
with a GRAS (generally recognized as safe) status in the United States for use in pro-
cessed cheese (Klaenhammer, 1993) It's application is allowed in various products 
in at least 49 countries, including The Netherlands and the United States (Delves-
Broughton, 1990) Applications of nisin as a food preservative have been developed 
for processed cheese, dairy desserts, milk, fermented beverages, high moisture hot 
plate bakery products, meat and canned foods (Hurst, 1981, Delves-Broughton, 
1990, Vandenbergh, 1993, Jenson et a l , 1994, Delves-Broughton et al , 1995) 
Besides the use of nisin as a food preservative, it also has potential pharmaceuti-
cal and veterinary applications Nisin is being used as a preventative agent against 
bovine mastitis through its use in pre- and post-milking teat dip products (Sears 
et al , 1992, Delves-Broughton et a l , 1995) There exists interest in the use of nisin 
for human ulcer therapy (Delves-Broughton et al , 1995) Nisin has also been found 
effective in the reduction of plaque build-up and gingivitis in beagle dogs (Howell 
et al , 1993) 
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1.9 Outline of this thesis 
For full understanding of the process of nisin-induced pore formation at the molec­
ular level it is necessary that the spatial structure of nisin is available Integration 
of the results of structural and functional analyses may then lead to the elucidation 
of its structure/function relationship, which in turn is important for a rational de­
sign of new lantibiotics with novel structures and functions Therefore, a systematic 
NMR study was initiated aiming to unravel the spatial structure and to gain insight 
into the structural features underlying the biological activity of nisin The structure 
determination of nisin in water is described in chapter 2 
The 3D structures of the primary translation product or intermediates in nisin 
biosynthesis can provide insight in the way lantibiotics are produced Initial results 
of NMR studies on the leader peptide of nisin and the primary translation product, 
prenisin, in aqueous solution are reported in chapter 3 
The active conformation of nisin is present at the target site, ι e the mem­
brane Because the conformation of nisin at the membrane might differ from that 
in aqueous solution, its conformation was studied in a membrane-like environment 
by high-resolution NMR spectroscopy Native membranes or phospholipid vesicles 
are not suitable for the structure elucidation by NMR spectroscopy, due to their 
large particle size Therefore, three different model systems were chosen to mimiek 
a membrane-like environment a solvent less polar than water, namely a mixture 
of tnfluoroethanol and water, and micelles of dodecylphosphochohne (DPC) and 
of sodium dodecylsulphate (SDS) In chapter 4 the results of initial NMR and cir­
cular dichroism (CD) studies in these systems (Van den Hooven et al , 1993) are 
presented From the results it could be concluded that nisin undergoes a local struc­
tural transition when 'migrating' from an aqueous to a membrane-like environment 
The conformations of nisin in the two micellar systems (Van den Hooven et a l , 
1995a) are presented in chapter 5, they appear to be very similar The structures of 
nisin complexed to micelles of DPC and of SDS were compared to that of nisin in 
aqueous solution and a difference in conformation was observed in the first ring of 
nisin The manner in which nisin interacts with micelles of zwitter-ionic DPC and 
of anionic SDS (Van den Hooven et a l , 1995b) is described in chapter 6 It turns 
out that the interactions with both micelles resemble each other The molecule is 
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located at the surface of the micelles with some residues immersed into the micelles. 
The interaction with the micellar systems is considered to model the first step 
in the mechanism of action of nisin, which step is the binding of nisin to the cyto­
plasmic membrane of target bacteria. All the experiments performed on nisin both 
in aqueous solution and in membrane-like environments are interpreted together, 
resulting in a description of the initial binding step and a presentation of a model 
for the nisin-induced pore formation (see page 122). This NMR study is summarized 
at the end of this thesis. 
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Chapter 2 
The s t ructure of nisin 
in aqueous solution 
2.1 Abstract 
Nisin is a posttranslationally modified protein of 34 residues, and is a member of 
the class of bactericidal polypeptides known as lantibiotics, that contain the un­
usual amino acid lanthionine Its three-dimensional structure in aqueous solution 
has been determined on the basis of NMR data, ι e interproton-distance constraints 
derived from nuclear Overhauser enhancement spectroscopy and torsion angle con­
straints derived from double-quantum-filtered correlated spectroscopy Translation 
of the NMR constraints into a three-dimensional structure was earned out with the 
distance-geometry program DISMAN, followed by restrained energy minimization 
using CHARMm The internal mobility of the peptide chain prohibited the de­
termination of a precise overall folding of the molecule, but parts of the structure 
could be obtained, albeit sometimes with low resolution The structure of nisin can 
best be defined as follows The outermost N-terminal and C-terminal regions of 
nisin appear to be quite flexible, while the remainder of the molecule consists of 
an amphipathic N-terminal fragment containing the lanthionine rings А, В and С 
(residues 3 19), joined by a (tentatively) flexible 'hinge' region to a rigid double-ring 
fiagment formed by the residues 23 28 containing the intertwined rings D and E 
Ггапк J M van de Ven, Henno W van den Hooven, Ruud Ν H Konings, Cornells W Hilbers 
(1991) Eur J Biorhem 202, 1181 1188 
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The latter fragment has the appearance of a somewhat overwound α-helix It is 
suggested, by assuming the presence of a (transient) α-helical structure in this part 
of prenisin, the primary translation product, that the coupling by thioether bridges 
between the residues 23 and 26, as well as between 25 and 28 and the inversion of 
the C Q chiralities at positions 23 and 25, can be rationalized 
2.2 Introduction 
Nisin belongs to a class of antimicrobial polypeptides which are known as lantibi-
otics (Schnell et a l , 1988) These polypeptides are characterized by their high 
content of unusual amino acids, such as lanthionine, 3-methyllanthionine, dehy-
droalanine and dehydrobutynne Nisin is 34 amino-acid residues long and con­
tains five rings, each closed by thioether-bndged lanthionines (see Figure 2 1) The 
C Q atoms of the N-terminal units of the five lanthionines are alwavs in the D-
configuration (Gross к Morell, 1971), and the C 3 atom of the amino acid Alaji is in 
the S-configuration (Morell к Gross, 1973, Küsters et al , 1984, Fukase et a l , 1988) 
In addition, nisin contains three α,^-unsaturated amino acids, namely dehydroala-
nine (residues 5 and 33) and dehydrobutynne (residue 2) (Gross к Morell, 1971) 
In aqueous solution, nisin is most soluble and stable at pH 2 At higher pH values, 
both the solubility and stability decrease, and alkali inactivates the peptide (Liu к 
Hansen, 1990) 
Studies on the mode of action of nisin have suggested that the primary target 
is the cytoplasmic membrane (Ruhr к Sahl, 1985, Henning et al , 1986, Kordel 
к Sahl, 1986, Sahl et al , 1987, Bruno et al , 1992, Okereke к Montville, 1992) 
Interaction of nisin with membranes leads to an efflux of cytoplasmic compounds of 
low molecular mass and causes a rapid collapse of the membrane potential, resulting 
in the cessation of biosynthetic activity The polypeptide requires a trans-negative 
threshold potential for membrane interaction (Sahl et al , 1987, Dnessen et a l , 
1995) An effect of nisin on cell wall synthesis has also been reported (Reisinger 
et a l , 1980, Ruhr к, Sahl, 1985, Henning et al , 1986), which might be an effect 
synergistic to the disturbance of the membrane function 
Nisin is a food preservative, and a fundamental insight into its structure/function 
relationship is of importance for the rational design of new lantibiotics with novel 
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Figure 2.1: Structure of msm. (a) Primary structure. The unusual ammo acids occurring 
m msin are indicated by the following one-letter code: U, dehydroalanine (in b, R = H); 
A A A* A 
0, dehydrobutyrme (in b, R = СЩ); S~^ , meso-lanthionme (m c, R = H); —S~^  , 
(2S,3S,6R)-3-methyllanthionine (m c, R = CH3). 
structures and functions. Therefore, we embarked on a systematic NMR study of 
nisin, aiming to unravel the spatial structure and molecular mechanism related to 
the biological function. The complete assignment of the 1H NMR spectrum of nisin 
in aqueous solution has been reported (Chan et al., 1989b; Slijper et al., 1989). Неге 
and in (Van de Ven et al., 1991b; 1991c; and 1992) we describe the analysis of the 
NMR data in terms of a three-dimensional model, with moderate resolution. 
2.3 Materials and Methods 
2.3.1 Samples and N M R spectra . 
Nisin was purchased from Koch-Light Ltd (lot no. 00988E; specific activity 37 U//ig) 
and from NBS Biologicals (lot no. 0014185/8). The HPLC profile of this commercial 
preparation revealed the presence of some minor compounds, in addition to the main 
nisin peak. Judging from their NMR spectra, these compounds result from cleavage 
of the double bonds of the dchydroalanines (Chan et a l , 1989a; Rollemaet al., 1991). 
Therefore we recorded NMR spectra of HPLC purified nisin, to make sure that all 
cross-peaks that were used for the structural analysis indeed derived from intact 
molecules. Samples were prepared by directly dissolving this material in H 2 0 /
2 H 2 0 




Two-dimensional NMR spectra were recorded at 400 MHz and at 600 MHz 
on Bruker AM spectrometers, interfaced to Aspect3000 computers NOESY spec-
tra (Jeener et al, 1979, Bodenhausen et al , 1984) were recorded at 7°C and 600 
MHz, employing three different mixing times 0 05, 0 2 and 0 4 s A DQF-COSY 
spectrum (Ranee et al , 1983) was recorded at 7°C and 400 MHz Time-domain 
matrices were 512x2048 and 800x8192 (tixt2) for NOESY and DQF-COSY, re-
spectively The solvent resonance was suppressed by continuous irradiation during 
the relaxation delays (1 5 to 2 0 s) and in the NOESY experiments also during the 
mixing time The carrier frequency was placed at the solvent resonance, in the 
center of the spectrum, phase-sensitive spectra were obtained by making use of the 
time-proportional phase incrementation method (Redfield & Kunz, 1975, Manon h 
Wuthrich, 1983) Fourier transformation, plotting and cross-peak integration were 
performed using the Bruker 'uxnmr' program To this end, the spectral data were 
transferred to an Aspect X32 computer Data manipulation consisted of phase-
shifted sine-bell window multiplication and zero filling prior to Fourier transforma-
tion The final digital resolution, in the f2 dimension, was 3 Hz/point for NOESY 
and 0 5 Hz/point for DQF-COSY 
2.3.2 Interproton distance constraints 
The cross-peak volumes in the NOESY spectra were determined using the Bruker 
'uxnmr' program The assignment of all the NOEs was performed with the aid of 
a fairly simple computer program ASSIGNOE, which for each NOESY cross-peak 
consults a table containing the chemical shifts of all protons to generate all possible 
assignments for the fi and the f2 position of the cross-peak 
The conversion of NOESY cross-peak volumes to interproton distances was car-
ried out using the program N02DI (Van de Ven et al , 1991a) In the case at 
hand, it was found that the NOESYs with different mixing times yielded ìnterpro-
ton distances that typically did not differ by more than 10% Next, upper-distance 
bounds were generated by adding 15% to the average of the interproton distances 
obtained from the NOESYs with different mixing times In several instances these 
upper-distance bounds were not informative, e g an upper-distance bound for an în-
traresidue NII-HQ distance of 3 5 Â is trivial In several of those cases, the structural 
information is actually present in the lower-distance bounds, these were calculated 
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by subtracting 15% from the calculated distances Standard pseudoatom correc-
tions were made when stereospecific assignments of methylene or methyl protons 
were unavailable (Wuthnch et a l , 1983) Also, in cases of overlapping cross-peaks, 
the corresponding upper- and lower-distance bounds were relaxed Most of the 
upper-distance bounds greater than 5 5 Â essentially derived from spin diffusion, 
these were therefore deleted Exceptions were made for distance bounds that were 
unique, ι e if their deletion would remove all distance bounds between a pair of 
residues In those cases the upper-distance bounds were increased by another 1 0 Â, 
yielding very mild constraints ranging over 6 5 8 0 Â 
2.3.3 Torsion angle constraints and stereospecific resonance 
assignments 
Due to the presence of unusual amino acids in nisin adaptations had to be made 
to use standard software and in the case of D-amino acids the J-couplmg constants 
have a slightly different dependency on the torsion angle The Karplus equation 
describing the relation between 3 JNH-H° ' a n d t n e torsion angle φ is 
3
^NH-H° = 6 4cos2(0) - 1 4cos(0) + 19, (2 1) 
where 0=^-60° for L-amino acids (Pardi et al , 1984), and 0=0+60° for D-amino 
acids The 1JHQ_H/3-coupling constant as a function of the torsion angle χ
1
 for 
amino acids with /J-methylene protons is 
3 j H a - H " = 9 5cos2(0) - 1 6cos(0) + 18, (2 2) 
where 0=χ1-12Ο° for the Rß2 proton and θ=χι for the H" 3 proton of L-amino 
acids (DeMarco et al , 1978), and θ=χι for the Η" 2 proton and 0 = χ 1 + 12Ο° for 
the H'33 proton of D-amino acids In the equations 2 1 and 2 2 must 0=<A+6O° and 
0=χ ι +12Ο°, respectively, be used for the D amino acid Alag 
The vicinal coupling constants ( J ) of NH-H a moieties were estimated from the 
splittings, in the f2 dimension, of the DQF-COSY cross-peaks In addition, several 
of the NH resonances were sufficiently resolved in the ID NMR spectrum to allow 
their splittings to be determined Based on these coupling constants, constraints 
for the normal L amino acids were generated for the backbone torsion angle φ as 
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previously described (Kline et a l , 1988) φ was restricted to the region -90° to -40° 
or to the region -160° to -80° for э </NH-HQ values smaller than 5 5 Hz or greater than 
8 0 Hz, respectively No small 3^NH-Ha values were observed for any of the D-amino 
acids, ι e Alag and Ala
s
 Coupling constants larger than 8 0 Hz for these residues 
were translated into a restriction of φ to the region 80° to 160° 
Stereospecific assignments were obtained for dehydroalanmes based on NOE in­
tensities For some residues with H^-methylene protons stereospecific assignments 
were obtained using a previously described method for L-amino acids (Hyberts et a l , 
1987), which can also provide estimates for the torsion angles φ and χ 1 In the latter 
procedure the multiplet structure of HQ-H'3 cross-peaks from a DQF-COSY spec­
trum recorded for a protein in 2 H 2 0 is compared to that of simulated cioss-peaks 
for different values of the 3^ц»_нс coupling constants, which were calculated for all 
ammo acids from a single Karplus equation (Hyberts et al , 1987) Also experimen­
tal intraresidual NOEs are compared to a series of calculated NOEs for different 
values of the torsion angles φ and χ1 The experimental NOEs were quantified by 
counting contour levels Both possible stereospecific assignments are tested, only 
one should fit the data 
2.3.4 Calculation of structures 
Structures satisfying the interproton-distance constraints and the backbone torsion-
angle constraints were generated starting with 500 random structures using the 
program DISMAN version 2 0 (Braun & Go, 1985), which was kindly provided by 
dr W Braun The original DISMAN program, as we received it, contained a library 
of predefined residue topologies for the naturally occurring ammo acids To these we 
added the descriptions for half lanthionine, half 3-methyllanthionine, both with the 
Ca carbon in the D-configuration, dehydroalanine and dehydrobutynne Constraints 
for thioether-bndge formation were added as follows lanthionine was constructed 
via an upper bound of 0 0 Â between the S atoms of D-Alas and L-Cys and a lower-
distance bound of 2 6 Â and an upper-distance bound of 2 8 Â between the Ce atoms 
of the pairing residues 3-Methyllanthionine was constructed in the same way, using 
D-Ala^ and L-Cys As the atoms of the two contributing residues are considered 
non-bonding by the program, the sulphur atoms were defined as dummy atoms in 
order to prevent stenc clashes The Oa-C/5 distance of 2 7 Â constrains the C^-S-C" 
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angle around 100°, a value which was taken from the standard C-S-C geometry of 
methionine 
The final DISMAN structures were further refined by restrained-molecular-me-
chanics calculations To this end, the program package QUANTA/CHARMm, from 
Polygen, was used The force field contained only the terms necessary for main­
taining the covalent structure and the Van der Waals nonbonded term, electrostatic 
interactions and hydrogen bonds were excluded The torsion energy expression for 
φ and φ of Dha and Dhb had minima at 0° and 180°, allowing for an all-planar 
arrangement of these residues and their flanking amide bonds (Ajo et al , 1979) 
2.4 Results and Discussion 
2.4.1 N M R constraints 
The NOEs in the NOESY spectra have been identified based on published resonance 
assignments (Slijper et al , 1989) Some of the resonances could be assigned stereo-
specifically now (vide infra) Quantified NOEs have been translated into distance 
constraints and ./-coupling constants from COSY spectra, sometimes in combination 
with NOEs, have been translated into torsion angle constraints 
Stereospecifk resonance assignments for the Hö protons of dehydroalanine are 
easy to obtain The H^, which is cis relative to the amide-nitrogen atom, is called 
H"1, whereas the other is H"2 In the ID NMR spectrum of nisin the Hß protons 
of the dehydroalanines appear as singlets Hence the geminai coupling constant of 
the Dha's is close to zero In general vinyl protons can have positive or negative 
values for their geminai spin-spin coupling depending on the electronegativity of the 
substituents The distances between the H'3 protons of a dehydroalanine and the 
intraresidual NH proton and of the NH proton of the succeeding residue depend on 
the torsion angles φ and φ, respectively, as presented in Figure 2 2 H'" is always 
closer to the intraresidual amide proton than H" 2, irrespective of the torsion angle φ 
The reverse is true for the H3 protons of Dha and the NH proton of the succeeding 
residue, irrespective of the torsion angle φ For Dha5, the differences in intensities 
of NOE cross-peaks allowed an unambiguous stereospecifk assignment, ι e the H" 1 
proton of Dha5 resonates at 5 55 ppm and H" 2 at 5 45 ppm For Dha33 this was not 
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-180 -120 -60 0 60 120 180 
φ Torsion angle ψ Torsion angle 
Figure 2.8: Distance in A between the H@ protons of a dehydroalanme and its intraresidual 
NH proton as a function of the torsion angle φ (left) and the distance between the H^ 
protons of dehydroalanme and the amide proton of the succeeding residue as a function of 
the torsion angle φ (right). Distances were calculated with bond lengths and bond angles 
derived from the crystal structure of N-acetyldehydroalanine (Ajo et al, 1979) or were 
taken from the MM2* force field from MacroModel (Mohamadi et al., 1990). The Я " 1 
proton is cis relative to the intraresidual amide-nitrogen atom. 
possible because both H'5 peaks had almost identical chemical shifts (Slijper et al., 
1989). 
All four D-AlaJ residues exhibited large 3 . / Ν Η - Η ° values, allowing their φ back­
bone torsion angle to be constrained in the 80° to 160° region (see above). For three 
of these residues, at positions 13, 23 and 25. the 3 J^
a
 цд could be measured; these 
were 4.0 Hz for all three residues. For Alag8 the H° He cross-peak was too weak 
to be observed in the DQF-COSY spectrum and the HQ resonance in the ID NMR 
spectrum of nisin in 2НгО did not show any splitting, suggesting a small value for 
the 3Jiia_uß coupling constant. This indicates a gauche position of Ha relative to 
H a . This leaves two of the three energetically favourable staggered conformations, 
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NH-HP χ1 = -60 
NH-HP χ1 = 180 
NH-HP χ' = 60 
NH-H" 
-180 -120 -60 0 60 120 180 
φ Torsion angle 
Figure 2.3: Intraresidual distances in A between the NH and Ha protons and between the 
NH and H® protons as a function of the torsion angle φ for the D-ammo acid Ala*
s
. The 
torsion angle χ1 is restricted to the staggered conformations. 
first, χ 1 is about -60°, in which case the NOE between the NH and Я0 protons 
should be smaller than the one between NH and H Q , and second, χ} is about 180°, 
in which case both NOEs should be of comparable intensity (see Figure 2.3). At 
a mixing time of 50 ms, the NH-H a NOEs were of moderate intensity, whereas the 
NH-H5 NOEs were not detectable for any of the Alag residues. From this, χ 1 was 
estimated to be around -60° and was constrained to the range of-110° to -10° 
In principle the φ and χ 1 torsion angles of the isoleucines and valine can also 
be determined with the same approach. The J-coupling constants of these residues 
varied between 5 and 8 Hz, which signals the possibility of motional averaging. No 
torsion angle constraints were used for these residues. 
We attempted to obtain stereospecific resonance assignments for /3-methylene 
proton pairs, using a previously described method (Hyberts et al., 1987) This 
approach resulted in stereospecific assignments for the residues sAlall, $Ala26 
and
 s
Ala28, which are part of 3-methyllanthionines. The procedure also yielded 
ΣΟ­
Ι 5-
—ι 1 1 г-
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"Ranges were estimated from the fit of experimental to calculated data in a procedure compa­
rable to the one proposed by Hyberts et al , 1987 
staggered conformations around χ'=180° for these residues, which is impossible 
with respect to closure of the lanthionine rings Spin diffusion is, incorrectly, not 
taken into account in this approach Due to the very short distance between the H132 
and H''3 protons, spin diffussion tends to equalize the intensities of the NH-H'' 2 and 
NH-H" 3 NOEs Only for χ ' = 180° are equal NH H" NOEs expected, which explains 
that this method is biased towards this χ 1 value In our approach, the NOEs were 
converted to distances with the program N02DI (Van de Ven et al , 1991a), which 
corrects for spin diffusion The fit of experimental and calculated distances now 
yielded stereospecific assignments and estimates, for the torsion angle χ 1 , around 
-60° for the residues gAlall,
 s
Ala26 and sAla28 (see Table 2 1), a χ 1 value which 
agrees well with the structure calculations (vide infra) The obtained values for the 
torsion angle φ are then in agreement with the values for the 3 ^ N H - H " coupling 
constants Spin diffussion is thus a serious problem and cannot be neglected in this 
analysis, it can be corrected for by using the program N02DI 
Α χ
1
 torsion angle can only be constrained for residues that adopt fixed χ 1 con­
formations or undergo rapid fluctuations within a single minimum An analysis of 
vicinal 3</ца_н02 and 3-/ц а-Н" 3 coupling constants can provide information on the 
mobility of the side chains in the solution conformation The correlation diagram 
in Figure 2 4 gives insight into the nature of conformational averaging around χ ' 
Data points between the peripheral branches of the solid and dotted curve (dark 
grey in Figure 2 4) correspond to residues that adopt fixed χ 1 conformations or un­
dergo rapid but limited (< 30°) fluctuations around a single χ1 value Data points 
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Figure 2.{: Correlation diagram for the coupling constants 3Jαα_τιβ2 and3,!μ
α
 ггдз wi Hz. 
The solid line represents the correlation for particular χ1 torsion angles and is calculated 
with the Karplus equation (DeMarco et ai, 1978) The dotted line shows the correlation 
with ±30° uniform averaging (Nagayama & Wuthrich, 1981) Values of \x are indicated 
(o) All experimentally available methylene J-coupling constants are indicated (+) with 
the names of the corresponding residues Ala$3 is a D-amino acids, for which -120° must 
be added to the values of χ 1 The other residues indicated in this diagram have the L-
configuration. Stereo specific assignments have been made for ¡¡Alali, $Ala26 and sAla28. 
The other residues are arbitrarily drawn in the upper left triangle. Shading is explained in 
the text. 
in the areas bounded by the peripheral branches of the do t ted curve and outs ide the 
interior branches of the narrow band between solid and do t ted curve (white regions 
enclosed by shaded regions in Figure 2.4) indicate rapid averaging between two or 
several dis t inct values of χχ. D a t a points between the solid and d o t t e d curve close 
t o the eclipsed conformations for χ 1 =-120°, 0° or 120° (light grey in Figure 2.4) 
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correspond to either a fixed χ 1 value or to motional averaging From this correla­





Ala28, the only residues with /^-methylene protons that have been assigned 
stereospecifically 
While evaluating the NOE and ./-coupling constant data, we encountered several 





sAla28, could we establish a 'pure' torsion angle χ 1 As a case in point, we consider 
s




Alal9, Asn20, Met21, His27 and His31 
Analysis of З ^н а -Н' 3 v a m e s y^lds eclipsed conformations, ι e χ 1 values of about 0° 
and 120°, while the intensities of both NH-H" NOEs are only compatible with a χ 1 
torsion angle of 180° There are compelling arguments in favour of conformational 
averaging in this case an eclipsed orientation is obviously unlikely, the NOE and 
J-couphng constant data lead to conflicting results, and the values are exactly what 
one would expect if more than one conformation contributes The consequence for 
this particular residue is striking rotation around the C Q -C" bond is only possible 
if there are compensating rotations elsewhere in the thioether-bndged ring, ι e if 
the ring is engaged in multiple states of puckering Hence the structural details of 
the rings A and С should be interpreted with caution The conformations of the 
rings B, D and E are all well defined by dense networks of NOEs, including contacts 
between non-neighbouring residues 
Due to the presence of no less than five thioether rings, two of which are even in­
tertwined, the conformational freedom of the nisin molecule is already fairly limited 
As a consequence, one does not expect to find regular secondary structure elements 
such as α-helices or /î-sheets In NOESY spectra recorded with short mixing times, 
up to 100 ms, we cannot observe any cross-peaks that would give a clue as to the 
tertiary structure of the molecule The only observable long-range NOEs are be-
tween adjacent residues in the thioether rings, such as Ala§3 and sAla7, etc , thus 
confirming the covalent linkages shown in Figure 2 1 Only when NOESY spectra 
are recorded with longer mixing times, and at low temperature, can few long-range 
NOEs be seen, some of which have been indicated in Figure 2 5 Preliminary test 
runs of DISMAN sometimes resulted in structures with a very close contact between 
the H" protons of GlylO and Glyl4 The NOESY spectra do not give any indication 
of such a contact Therefore, a lower-distance bound of 6 0 Â was added between 
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Figure 2.5: Part of a NOESY spectrum of nisin, recorded with a mixing time of 400 
ms, at 7" and 600 MHz. Some of the NOEs that provide information about the relative 
orientations of thioether-bridged rings are indicated. 

















"Only 9 of these are inten ing constraints 
'Larger than the sum of the Van der Waals radii. 
the CQ atoms of these residues. An overview of the interproton-distance bounds is 
given in Table 2.2 
The scant data regarding the tertiary fold of nisin only allow for a rather crude 
description of the spatial structure of the molecule as a whole. Moreover, we cannot 
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exclude the possibility that the long-range NOEs represent only momentary con-
tacts between the residues Thus, the conformational freedom may even be larger 
than found in the present study, since the distance-geometry approach necessarily 
requires all of the constraints to be simultaneously satisfied in a single molecule 
2.4.2 Overall structure of nisin 
The DISMAN procedure yielded thirteen structures that exhibited distance viola-
tions of less than 1 0 Â and angle violations smaller than 5° The quality of the 
DISMAN structures varied somewhat the best one contained only three upper-
distance-bound violations larger than 0 5 Â, and none larger than 0 7 Â, whereas 
the worst contained ten and four such violations, respectively After further refine-
ment by means of restrained molecular mechanics, all bound violations in any of the 
structures were below 0 2 Â This result can be understood since during restrained 
molecular mechanics, in contrast to DISMAN, bond lengths and bond angles are 
allowed to deviate a little from their regularized values and peptide bonds may 
deviate from perfect plananty so it will be easier to satisfy the distance and torsion-
angle constraints The energy-minimized structures deviated only slightly from the 
original DISMAN structures when the various structural elements, to be discussed 
below, before and after minimization, were compared, root-mean-square deviations 
for heavy atoms were generally below 0 5 Â The restraints did not force bad stenc 
contacts or other unfavourable features upon the structures This was verified by 
subjecting them to free molecular mechanics, which again led to only small changes 
From here on, we will focus on the structures obtained after DISMAN followed by 
restrained energy minimization 
In Figure 2 6 the overall shapes of the various structures are shown At first 
sight, the structures all have very different shapes, and it makes no sense to try 
to superimpose them However, when we concentrate on the region encompass-
ing the residues Alas3-sAlal9, ι e the first three thioether-bndged rings A, В and 
C, a global folding pattern emerges (see Figure 2 6) Hence, our NMR data al­
low us to propose a low-resolution structure for this region of the molecule The 
average pairwise root-mean-square deviation of the backbone atoms of this region 
is 2 7 Â, ranging over 0 76 4 38 Â (see Table 2 3) A much better superposition, 
and consequently higher resolution, is obtained for the region Alag23-sAla28, which 
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Figure 2.6: Thirteen structures of nisin m aqueous solution obtained via distance-geometry 
calculations, followed by restrained energy minimization Only non-hydrogen atoms are 
shown. Optimal superposition of backbone N, NH, Ca, Ha, С and 0' atoms for the 
residues Alas3 till $Alal9, including the lanthionine rings А, В and С (left) and for the 
residues Ala"
s
23 till $Ala28, including the intertwined rings D and E (right). In the upper 
left inset 6 structures are shown (non-hydrogen atoms) for the segment of nisin from Ala$3 
to цАІаІ , which is a subset taken from the superposition shown at the left. 
comprises the intertwined thioether rings D and E. This fragment forms one struc­
tural element, residues Ala£25 and
 sAla26 being part of both rings Here the average 
root-mean-square deviation is only 0.23 Â (see Table 2.3). It is difficult to ascer-
tain whether there is, in fact, enhanced flexibility in the hinge region formed by 
the residues Asn20-Lys22, or if there is scarcity of NMR data for another reason. 
The vicinal 3 JNH HQ coupling constants of Asn20 and Met21 are both 7 0 Hz. This 
may correspond to a φ torsion angle of about -75° or -155° (Pardi et al., 1984), but 
is also the value expected for conformational averaging Typical of a regular rigid 
peptide backbone is the observation of either a strong sequential ¿ H ° - N H NOE or 
a strong ¿NH-NH connectivity, but not both. We observe fairly weak connectivi-
ties for both (¿ΗΟ-ΝΗ a n ( 3 ¿NH-NH f° r t n e steps sAlal9-Asn20 and Asn20-Met21 
37 
Chapter 2 
Figure 2.7: Space-filling models of two of the structures obtained JOT mjm in aqueous solu­
tion via distance-geometry followed by restrained energy minimization. Only non-hydrogen 
atoms are shown. The hydrophobic amino acids Ile, Leu, Met and Val are indicated in 
dark-grey, the positively charged amino acids Lys and His are white and the other amino 
acids are medium-grey. The. subfigures (a) and (b) represent the same molecule, seen from 
opposite sides; (c) and (d) are different sides of another structure of nism Both struc­
tures clearly show a hydrophilic (a and c) and a hydrophobic side (b and d) For some of 
the other structures obtained in this study the amphipathicily of the whole molecule is less 
clear, though the N- and C-termmal structured domains are amphipathic These figures 
are made with the program MolScripl (Kraulis, 1991). 
Although, again, this is not conclusive evidence, we take these features as indications 
of motional averaging 
The distribution of polar and apolar residues over the molecular surface of rnsin 
may be of relevance with respect to its biological activity, e.g. for other lantibiotics, 
galhdermin (Freund et al , 1991) and Ro 09-0198 (= cinnamycin) (Kessler ot al., 
1988), structures have been presented that are clearly amphipathic As can be 
gleaned from the primary structure in Figure 2.1, nisin already has amphipathic 
character as far as the amino-arid sequence is concerned, with a cluster of bulky 
hydrophobic residues at the N-terminal and hydrophilic ones at the C-terminal half 
of the molecule. Regardless of the details of their structures the lanthionine rings 
А, В and С have the common characteristic that they contain some hydrophobic 
residues just opposite to the thioether bonds. We find that despite their mutual 
differences, in all the structures obtained these rings are oriented relative to each 
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Table 2.3: Average pairwise root-mean-square deviations (RMSD) of backbone N, Ca and 
C' atoms of nisin fragments. 
Nisin fragment 
rings 



















0.76 - 4.38 
0 .18-1 .34 
0.03 - 0.54 
0.03 - 2.82 
0.06 - 0.40 
other in such a way that a hydrophobic face is formed by the residues Ile4, Leu6, 
Pro9, Leul6 and Metl7, while the hydrophilic Lysl2 sticks out on the opposite side. 
The C-terminal half of the molecule contains the positively charged side chains of 
Lys22 and Lys34, and His27 and His31. The fragment Met21-sAla28 has Lys22 
and His27 on one side and Met21 and Ala24 on the other side, thus this part of 
the nisin molecule is also amphipathic. The relative orientations of the C-terminal 
charged groups and hydrophobic ones, such as ПеЗО and Val32, vary strongly from 
one structure to another. As can be seen in Figure 2.7, the possibility exists that 
the amphipathic character of the N-terminus is extended all the way over the whole 
molecule. 
2.4.3 Structural details of nisin fragments 
The overall folding of nisin in aqueous solution can only be defined with rather low 
precision, as described above. However, some details of the structure have become 
quite clear in the present study. The obvious structural entities to be considered in 
more detail are the five thioether-bridged rings. Below we focus on four fragments, 
comprising the residues Ala
s
3-sAla7, Ala£8-sAlall, Alagl3-sAlal9 and Alag23-
sAla28 forming the rings A, B, C, and D and E, respectively. In Table 2.3 the average 
pairwise root-mean-square deviations of the various fragments are summarized. 
Superpositions of the various structures obtained for the fragments Alas3-sAla7, 
ring A, and Alasl3-sAlal9, ring C, are shown in Figure 2.8. It is clear that the 
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Figure 2.8: Structures of the individual ring systems ¡от nism m aqueous solution Optimal 
superposition of all thirteen structures for backbone atoms of the rings. For ring С only 
non-hydrogen atoms are shown. The lanthwnines are at the bottom of the subfigures for 
the rings А, В and С and are upper left and down right for the intertwined rings D and E 
For ring В two structures have been omitted because of violations of the NMR constraints. 
The structures of the rings B, D and E could be determined with the greatest precision. 
resolution obtained is not sufficient to discuss structural details such as intranng 
hydrogen bonding, etc. In particular, the conformations around the thiorther bonds 
are poorly resolved. Most likely this is due to motional averaging, as is indicated by 
the typical averaged values for the 7-coupling constants and NOEs of the N H - H Q -
H" moieties. 
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In Figure 2 8, the fragment Alag8
 s Ala l l , ring B, is shown This part of the 
structure is determined with high precision, with an average pairwise root-mean-
square deviation for the backbone atoms of 0 25 Â The amide proton of
 s Ala l i 
points inwards into the ring, as does the carbonyl oxygen atom of Alag8, thus pro-
viding a suitable orientation for hydrogen bond formation The structure strongly 
resembles a type II /3-turn 
The intertwined rings D and E are shown in Figure 2 8 This structural element 
of nisin has been determined with high precision (c f Table 2 3) A remarkable 
feature of the structure shown in Figure 2 8 is the roughly parallel orientation of the 
three peptide bonds joining the residues Alag23-Ala24, Alag25-sAla26 and His27-
sAla28, which generates the overall appearance of two consecutive /?-turns or of a 
somewhat overwound α-helix An attempt to rationalize this structure by assum­
ing the formation of an o-hehcal structure for the residues Thr23-Ala24-Thr25-
Cys26 His27-Cys28 in the primary translation product of nisin, prenisin, is shown 
in Figure 2 9 A regular α-helix for this sequence is shown m Figure 2 9a, and an a-
hehcal structure for the same sequence with Thr23 and Thr25 in the D-configuration 
is shown in Figure 2 9b The actual mechanism rather involves the conversion of 
Thr23 and Thr25 to Dhb, as shown in Figure 2 9c In Figure 2 9b, it is seen how 
inversion of the chirahties of the CQ carbons of Thr23 and Thr25 orients the C" 
carbons of these residues towards the sulphur of Cys26 and Cys28, so that C - S 
bonds can be formed It is therefore likely that an attack of the sulfhydryl group of 
Cys to a Dhb will result in a residue with a D-configuration Figure 2 9d shows the 
result of such bond formation This structure was obtained by computer chemistry 
removing two H 2 0 moieties from the structure in Figure 2 9b, joining the atoms C" 
and S, to establish the 23-26 and 25-28 links, followed by a few steps of energy min­
imization to obtain correct bond-lengths and -angles The structure obtained in the 
present study (see Figure 2 8) is remarkably similar to that in Figure 2 9d Thus, by 
assuming an α-helical structure for the prenisin residues 23 28, we can rationalize 
the pairing 23-26 and 25 28 (г,г+3) of the thioethers, the fact that inversion of the 
Ca chirahties of Thr23 and Thr25 is required for optimal thioether formation, and 
the resulting structure of the two coupled rings 
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Figure 2.9 Rationalization of the structure of the fragment Ala*s23 till sAla28 of nism, 
based on an a-hehcal start structure for Thr23-Ala24~Thr25-Cys26 His27 Cys28 m the 
primary translation product of nism, prenism. (a) a-Hehx Thr23-Cys28 m prenism (b) 
The same helix with inversion of the chirahties of the Ca carbons of Thr23 and Thr25 (c) 
The intermediate likely to be involved in thioether-bridge formation with Dhb at positions 
23 and 25 and Cys at positions 26 and 28 (d) A structure for the nism fragment Ala*s23 
sAla28 obtained by removing two H2O moieties of the structure in figure (b), followed by 
linking the <7" atoms of the residues 23 and 25 to the sulphur atoms of the residues 26 
and 28, respectively, and a few steps of energy minimization to obtain correct geometry 
and Van der Waals contacts; this structure is to be compared with the experimentally 
determined one (cf. Figure 2 8) From a comparison of (b) and (d) it ran be suggested 
that on inversion of the C° chirahty of Thr23 and Thr25 is required for the formation of 
the thio-ether bridges. 
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Figure 2.9: (continued) The program MolScript (Kraulis, 1991) is used ¡or the visualiza-
tion of the structures. The helical structure is indicated schematically. The residues are 
numbered at their Ca atoms. The side chains of Ala24 and His27 have been omitted in 
order to avoid overcrowding The C0 atoms of the residues 23 and 25 are indicated as 
dark-grey spheres and the sulphur atoms of the residues 26 and 28 in light-grey 
2.4.4 Concluding remarks 
To our knowledge, this is the first proposal of a complete 3D structure of nisin in 
aqueous solution Studies on isolated lanthionine ring fragments of the residues 3 -
7, ring A, and the residues 8-11, ring B, have been reported (Palmer et al., 1989; 
Palmer et al., 1992) Those studies were based on rather limited sets of NOEs, 
obtained for the ring fragments in dimethylsulfoxide solution, that were used in 
restrained-molecular-dynamics calculations. Harmonic potentials were used for the 
distance constraints (Palmer et al., 1989), rather than upper- and lower-distance 
bounds as in the present study. The force field was parametrized by simulated 
annealing using data from a linear dehydroalanine (Palmer et al., 1992) and has a 
tendency towards trans orientations of φ and ψ torsion angles around a Dha. The 
results obtained for the first ring appear different, which may reflect the difference 
in experimental conditions, the computational methodology, or both. The structure 
reported for the second ring closely resembles the one shown here. 
Another combined NMR, restrained-molecular-dynamics study of nisin in an 
aqueous solution containing 0.1 M sodium phosphate at pH 2.25 and 30°C has been 
published (Lian et al , 1992). The major difference between their study and the one 
reported here is the absence of long-range NOEs in their data set. The conformation 
of ring A appeared to be different in both studies. The structures of the other ring 
systems are identical. The sets of chemical shifts (Slijper et al., 1989; Lian et al., 
1992) at the same temperature differed at most 0.07 ppm for the amide protons, 
with the exception of the C-terminal Lys34 were the difference in pH caused a 
larger deviation in chemical shift. The differences between the two conformations 
of ring A in water are likely to be caused by dissimilarities in the NOE-derived 
constraints. No lower-distance bounds greater than the sum of the Van der Waals 
radii were used and upper-distance bounds were divided in three classes (Lian et al., 
1992), whereas we introduced a few lower-distance bounds and converted every NOE 
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intensity to its own upper-distance bound, probably resulting in narrower allowed 
distance intervals The structure of a fragment of nisin containing the residues 111 
has been recalculated (see chapter 5) (Van den Hooven et al , 1995a) The resulting 
structures of ring A are a subset of those presented in this chapter These structures 
gave good results in NOE back-calculations 




Alal9 and comprises the first three lanthiomne rings А, В and C, the second domain 
consists of the intertwined rings D and E formed by the residues Alag23 sAla28 The 
two domains are connected by a (tentative) flexible hinge region around Met21 The 
first domain is defined with rather low precision, most likely due to the fact that 
the nisin molecule is far from being rigid This domain is amphipathic, with Ile4, 
Lcu6, Pro9, Leul6 and Metl7 protruding from the hydrophobic side, and Lysl2 
sticking out on the opposite side The second domain is also amphipathic For the 
C-terminal residues Ser29-Lys34 the amphipathic character is less clear However, 
we have noted that in a mixed solvent of water and tnfluoroethanol the a helical 
character of the fragment AlaJ23-sAla28 might be extended all the way to the C-
terminus Such a helix is clearly amphipathic with His27, His31 and Lys34 all on 
one side 
The most likely target for the biological activity of nisin is the cytoplasmic 
membrane Taking its amphipathic character, which has also been reported for 
other lantibiotics (Freund et al , 1991, Kessler et al, 1988), into consideration, 
the mode of action of nisin may well be analogous to that of other amphipathic 
peptides Taking the well-documented case of melittin as an example, both the 
insertion model, in which molecules inserted into the membrane form clusters around 
a central pore (Hanke et al , 1983, Tosteson & Tosteson, 1984), and the wedge model, 
in which an amphipathic molecule adheres to the outside of a membrane causing 
déstabilisation of the bilayer structure and promoting pore formation (Terwilliger 
et al , 1982, Brown et al , 1982), may be considered for nisin as well Of course, the 
conformation of nisin at the membrane may differ from the one in aqueous solution 
described here Therefore, we also studied nisin in a more lipophilic environment, 
ι e in other solvents, and complexed with detergent micelles (see next chapters and 
(Van den Hooven et al, 1993, 1995a, and 1995b)) 
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Leader peptide and primary 
translation product of nisin 
Structural studies on nisin are important for an understanding of its mode of action 
and may aid in the rational design of mutants The 3D structures of the prepeptide 
or intermediates in nisin biosynthesis can give insight in the way lantibiotics are 
produced Most of the work described in this thesis is concerned with nisin itself 
In this chapter the results of initial NMR studies on the leader peptide of nisin and 
the primary translation product, prenisin, in aqueous solution are reported 
3.1 Leader peptide 
The leader peptide of nisin contains 23 residues, it has been synthesized by dr A G 
Beck-Sickmger at the University of Tubingen (Beck-Sickinger L· Jung, 1993) and 
has the following sequence H MSTKDFNLDLVSVSKKDSGASPR-OH It is noted 
in passing that the residues are numbered starting from the C-terminal Arg to the 
N-terminal Met The residues in the leader peptide are sometimes, but not in this 
chapter, given negative numbers to distinguish them from residues in nisin 
Ρ COSY, TOCSY and ROESY spectra were recorded at 400 MHz and at room 
temperature The sample contained 3 4 mM of the leader peptide in aqueous solution 
at pH 3 7 The mixing times of the TOCSY spectra were 60 ms and 40 ms for the 
leader peptide m H 2 0 /
2 H 2 0 (9 1) and in 2 H 2 0 , respectively A ROESY spectrum of 




 ι ' 
es 




Chemical shift (ppm) 
Figure 3.1: The amide and aromatic proton regions of the lH NMR spectra of (a) the 
leader peptide of msm and (b) the primary translation product, prenism. Spectra were 
recorded at room temperature and at 400 MHz. 
is referenced to sodium 3-(trimethylsilyl)-l-propanesulphonate (DSS). 
The Ή NMR spectrum (see Figure 3.1) was assigned using the standard strat­
egy (Wiithrich, 1986) (see Table 3.1). The patterns of the individual residues were 
identified in TOCSY and P.COSY spectra. The positions of HQ and H" resonances 
of Thr21 were degenerate. Two of the three lysines had overlapping resonances, 
however, a small difference in chemical shift was found for the NH and H a protons. 
One cross-peak at 8.02 and 1.36 ppm remained unassigned; the origin of this peak 
is not known. 
The next step in the assignment of the spectrum is the linking of the individual 
residues in order to arrive at the sequential identification. To this end a sequential 
walk was made in the NH-H° proton region of the ROESY spectrum. No mterresid-
ual contacts between Serl0-Lys9 and Lys9-Lys8 could be detected, due to overlap 
of amide resonances (see Table 3.1). However, the protons of SerlO could be as­
signed via a ROE between the H° proton of Valli and the NH proton of SerlO; the 
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Table S 1 Proton resonance assignments of the leader peptide of nisin m aqueous solution 









































































2 20, 2 20 
3 92, 3 92 
4 31 
1 71, 1 71 
2 76, 2 65 
3 14, 3 05 
2 80, 2 72 
1 63, 1 63 
2 85, 2 75 
1 62, 1 62 
2 12 
3 87, 3 87 
2 14 
3 90, 3 85 
1 86, 1 78 
1 86, 1 78 
2 83, 2 76 
3 95, 3 90 
1 38 
j 
2 29, 1 98 
1 87, 1 74 
Others 
7CH2 2 63, 2 63, tCH 3 2 10 
7CH3 1 23 
7CH2 1 35, 1 35, JCH 2 1 71, 1 71 
eCH2 2 99, 2 99, eNHj 7 51 
ring protons 7 39 - 7 23 
7 N H 2 7 58, 6 88 
7H 1 63, <5CH3 0 95, 0 88 
7H 1 62, <5CH3 0 92, 0 86 
7CH3 0 95, 0 95 
7CH3 0 95, 0 95 
7CH 2 1 44, 1 44, <5CH2 1 68, 1 68 
eCH2 2 99, 2 99, eNHj 7 51 
7CH 2 1 44, 1 44, JCH 2 1 68, 1 68 
eCH2 2 99, 2 99, eNrLj" 7 51 
7CH 2 2 03, 2 03, 5CH2 3 82, 3 73 
7CH 2 1 63, 1 63, 5CH2 3 22, 3 22 
«NH 7 16, 6 65 
"The residues are numbered starting at the C-terminus The residues in the leader peptide 
are sometimes, but not in this chapter, given negative numbers to distinguish them from 
residues in nisin 
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protons of Lys8 could be identified via a ROE between the HQ proton of Lys8 and 
the NH proton of Asp7 Only the resonances of Ser3, to which no contacts were 
found, could not be identified 
The chemical shifts of 80% of the side-chain protons are within 0 05 ppm of the 
values reported for amino acids in random coil peptides (Wuthnch, 1986) Excep­
tions are resonances of the side chains of Aspl9 and Phel8 All interresidue ROEs 
could be explained as sequential ROEs No rotating frame Overhauser effects be­
tween non-neighbouring residues were found The random-coil-hke chemical shifts 
of the side-chain protons and the absence of medium- and long-range ROEs strongly 
suggests that the leader peptide of nisin adopts a random coil conformation in aque­
ous solution In the presence of tnfluoroethanol, however, α-helical structure has 
been observed by CD spectroscopy (Beck Sickinger & Jung, 1993) 
3.2 Pr imary translation product 
Premsin, the primary translation product of 57 residues, was synthesized by dr A 
Surovoy at the University of Tubingen The ID NMR spectrum of premsin in aque­
ous solution at pH 3 5 and room temperature is shown in Figure 3 1 Almost all 
of the amide-proton resonances are found between 8 0 and 8 5 ppm It is apparent 
from a TOCSY spectrum that the line widths of the amide proton resonances are 
reasonably small The NOEs, in a NOESY spectrum recorded with a mixing time 
of 200 ms at 400 MHz and at room temperature, are weak, probably caused by 
an unfavourable u>r
c
 Though the spectrum is not assigned, we suggest, based on 
overlap of amide-proton resonances at positions expected for random-coiled residues 
and weak NOEs, that premsin is randomly coiled in aqueous solution at room tem­
perature There is no evidence for preferred conformations, which would facilitate 
the formation of thioether bridges However, it is possible that premsin folds on the 
modifying enzyme(s) or at a membrane 
References 
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N M R and circular dichroism 
studies of nisin in non-aqueous 
environments 
4.1 Abstract 
The lantibiotic, піып, which is known to interact with membranes of certain Gram-
positive bacteria, was studied in three model systems which mimic a membrane-like 
environment, i.e. a mixture of trifluoroethanol and watei, or micelles of sodium 
dodecylsulphate or dodecylphosphocholine. The lK NMR spectra of nisin in the non­
aqueous environments, at 40°C and pH 3.5, have been assigned completely. The CD 
and NMR results indicate that the conformation of nisin in the three non-aqueous 
environments differs from that in aqueous solution, and that the conformation in 
the two micellar systems is similar. The major conformational changes, relative to 
nisin in aqueous solution, occur in the N-terminus. 
Henno W van den Hooven, Federico Fogolari, Harry S Rollema, Ruud Ν H Konings, Cornells W 
Hilbers, Frank J M van de Ven (1993) FEBS Lett 319, 189-194. 
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4.2 Introduct ion 
Nisin's antimicrobial activity against a wide spectrum of Gram-positive micro-or­
ganisms and its inhibitory effect on spores of Bacillus and Clostridium species led to 
its use as a food preservative in the canning and dairy industry (Hurst, 1981; Delves-
Broughton, 1990; Vandenbergh, 1993). This lantibiotic is capable of inducing pore 
formation in membranes of sensitive bacteria in a voltage-dependent fashion, leading 
to an efflux of small molecules and a depolarization of the membrane potential (Ruhr 
& Sahl, 1985; Henning et a l , 1986; Kordel к Sahl, 1986; Sahl et al., 1987; Gao et a l , 
1991; Bruno et al., 1992; Okereke & Montville, 1992; García Garcerá et al., 1993; 
Driessen et al., 1995), which results in cell death. 
The conformation of nisin at its target site, the membrane, may differ from the 
one in water described in chapter 2. Therefore we set out to study the molecule in 
a membrane-like environment. Micelles, or a solvent less polar than water, can be 
used as membrane mimetics, since native membranes or phospholipid vesicles are 
not suited for high resolution NMR due to particle size. We used trifluoroethanol 
(TFE)/water, sodium dodecylsulphate (SDS) and dodecylphosphocholine (DPC). 
The results show that nisin forms complexes with SDS and DPC micelles. Sample 
conditions were optimized for recording of lH NMR spectra of these systems and 
complete resonance assignments are reported. The chemical shifts of several protons, 
mainly from the N-terminal region, change upon going from water to the membrane-
mimicking conditions. Also the CD spectrum of nisin is strongly affected; hence it is 
concluded that nisin undergoes a structural transition when brought to a membrane-
like environment 
4.3 Materials and Methods 
Nisin was purchased from NBS Biologicals (lot no 03232G) and was purified by 
RP-HPLC (Rollema et al., 1991). [2H25]-SDS and [2H38]-DPC were obtained from 
MSD Isotopes and [2Нз]-ТРЕ from Cambridge Isotope Laboratories. 
CD measurements were performed at room temperature on a Jasco-600 spec-
tropolarimeter, using 0.2 mm path length cells with a scan speed of 50 nm/min, a 
time constant of 0.125 s and a bandwidth of 1 nm. The data processing consisted of 
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a subtraction of a spectrum of a protein-free control sample and smoothing of the 
resulting spectrum 
The lH NMR experiments were carried out with samples containing 3-5 mM 
of nisin The polypeptide was directly dissolved in 75% [2H3]-TFE/25% H 2 0 (in 
% by volume) or in 75% [2H3]-TFE/25% 2 H 2 0 For the micellar samples nisin was 
first dissolved in H 2 O /
2 H 2 0 (9 1) or 2 H 2 0 and subsequently a 30-35 fold excess of 
[2H25]-SDS or a 45 fold excess of [2H3 8]-DPC was added The pH of all samples 
was adjusted to 3 5 (pH meter reading) ID spectra, TOCSY (Bax &: Davis, 1985, 
Gnesinger et a l , 1988) and Ρ COSY spectra (Manon к Bax, 1988) were recorded 
at 400 MHz on a Bruker AM400, interfaced to an Aspect3000 computer NOESY 
spectra (Jeener et al , 1979, Bodenhausen et a l , 1984) were recorded at 600 MHz 
on a Bruker AM600, interfaced to an Aspect3000 computer Acquisition and pro­
cessing parameters were essentially the same as those previously described (Slijper 
et a l , 1989, Van de Ven et a l , 1991b) The spectra were referenced to sodium 
3-(tnmethylsilyl)-l-propanesulphonate (DSS) 
4.4 Results and Discussion 
The influence of TFE, SDS and DPC on the conformation of nisin was examined by 
Ή NMR and CD spectroscopy [2H3]-TFE, [2H25]-SDS and [2H3 8]-DPC were added 
to an aqueous solution of nisin at room temperature and pH 3 5 and the effect was 
monitored by 'H NMR The spectrum of nism changed gradually upon addition 
of TFE The position of isolated resonances, as a function of TFE concentration, 
suggested a conformational transition, which was complete at about 70% T F E Con­
sequently, 2D NMR experiments were performed at 75% TFE Supportive evidence 
for a conformational change was obtained by CD spectroscopy (vide infra) In Fig­
ure 4 1A and В the spectral region of the Ή NMR spectrum containing the amide 
and vinyl proton resonances of nisin in aqueous solution and in 75% TFE/25% H 2 0 
is presented 
In the case of SDS a titration is not possible, since more than an 18-20 fold excess 
had to be added to obtain a clear solution The resonances of nisin were broadened 
upon the addition of more than a 20 fold excess of SDS (cf Figure 4 1A and C) This 
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Figure 4 1. The amide and vinyl proton region of the 'tf NMR spectrum of nisin, at 40° С 
and pH 3.5, (A) m aqueous solution, (B) in 75% TFE/25% H20, (C) complexed to SDS 
micelles (nism/SDS = 1:35) and (D) complexed to DPC micelles (nism/DPC = 1'45). 
Pyridine is present as an impurity m DPC and two of its resonances at 8 95 and 8.12 
ppm are indicated by asterisks; the third resonance at 8.58 ppm overlaps with resonances 
of nisin and is not indicated. 
The ID NMR spectrum showed no significant changes when the nisin-to-SDS ratio 
was changed from 1:20 to 1:60 (data not shown), which makes exchange unlikely. 
The observed line broadening is indicative of an interaction between nisin and SDS 
micelles. The spectra of nisin complexed to [1H25]-SDS and [2H25]-SDS are identical 
(data not shown), which means that the deuteration of the detergent has no influ­
ence on the conformation of nisin. 
The titration of nisin with DPC followed by NMR is shown in Figure 4.2. For 
DPC concentrations below the critical micelle concentration (CMC = 1.1 mM at 
22° (Lauterwein et al., 1979)) no spectral changes were observed, which suggests 
that there is no interaction between nisin and monomeric DPC. Just above the 
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JL_A_JJ/W 
100 90 BO 70 
Chemical shift (ppm) 
6.0 
Figure 4-2: The amide and vinyl proton region of the lH NMR spectrum of 3.3 mM of 
nism with a nmn/DPC ratio of (A) 1:0, (B) 1:0.15, (C) 1:0.5, (D) 1:8, (E) 1:36 and (F) 
1.60 at room temperature and pH 3.5. The amide proton of Dhb2 can only be seen in the 
'Я NMR spectrum of nisin/DPC (resonance at lowest field m D, E and F). Resonances 
of an impurity are marked by asterisks (see legend of Figure 4.1). 
CMC of DPC shifting and broadening of nisin resonances was observed. The reso­
nances sharpen again with increasing amounts of DPC and shift continuously until 
a nisin-to-DPC ratio of approximately 1:30 is reached. Above that ratio the spec­
trum іь no longer affected by the addition of DPC, although the nisin resonances 
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remain twice-to-three times as broad as those of nisin in aqueous solution These 
results were interpreted as evidence for the formation of micelles containing 30 DPC 
molecules per nisin molecule The aforementioned line broadening and subsequent 
sharpening of the resonances of nisin with DPC concentrations above the CMC in­
dicate that there is an intermediate-fast exchange between free and micelle-bound 
nisin This exchange broadening is most pronounced for amide protons of Dha5, 
Leu6 and Ala*8 and H^ protons of Dha5 These protons show the largest differ­
ences in chemical shift between nisin in aqueous solution and nisin complexed to 
DPC micelles 
The resonances of nisin in the three membrane-like environments, at 40°C and pH 
3 5, have been assigned completely (see Tables 4 1,42 and 4 3) using the standard 
strategy (Wuthnch, 1986, Chan et al , 1989, Slijper et al , 1989) The assignments 
have been deposited in the BioMagResBank, a NMR structure database (Ulrich 
et al , 1989, Seavey et al , 1991), under refJD 2521 Figure 4 3 summarizes the se­
quential NOEs In addition, the spectra have also been assigned at low temperature 
(5-7° C) and room temperature Only the chemical shifts of the NH protons vary 
considerably with temperature The shifts of these protons are given in Table 4 4 
Temperature coefficients of amide protons were calculated using resonance as­
signments at different temperatures (see Figure 6 7 on page 118) Amide protons 
exhibiting small temperature coefficients are indicative of hydrogen bonding or 
shielding of water Interestingly, the amide protons having significantly lower tem­
perature coefficients are in general the same for nisin in water and in the non aqueous 
environments All these amide protons were found in the ring systems In subtihn, 
a lantibiotic structurally related to nisin, the corresponding amide protons also had 
low temperature coefficients (Chan et al , 1992) 
The spectra of nisin in TFE/water and of nisin complexed to DPC micelles re­
vealed a single set of resonances, and all NOEs could be interpreted as intramolecular 
contacts, which strongly suggests a monomenc structure of nisin m these environ­
ments The spectra of nisin complexed to SDS micelles revealed the presence of 
a minor component (< 10%) The residues which showed up twice in the spectra 
arc more or less randomly distributed over the primary sequence The resonances 
of the major component have been assigned In Fig 4 1С the two components can 
be seen for the NH proton of Dhb2 and the H"1 proton of Dha5 at 10 11 and 5 60 
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Table 4 1 Proton resonance assignments ofnism complexed to DPC micelles at 40°С and 
















































































































3 40, 3 02 
186 
6 41, 5 64 
1 79, 1 75 
3 22, 2 76 
3 51 
2 30, 1 70 
3 66, 2 98 
1 77, 1 77 
3 64 
143 
1 71, 1 71 
2 28, 2 08 
2 93, 2 87 
2 83, 2 77 
2 13, 1 97 




3 40, 2 64 
3 37 3 04 
3 58, 2 69 
3 80, 3 80 
180 
3 25, 3 11 
2 12 
5 94, 5 76 
1 88, 1 79 
Others 
7CH2 1 77, 1 27 
7CH3 0 99, (5CH3 0 99 
7CH3 1 88 
7CH2 1 48, 1 15 
7CH3 0 92, 5CH3 0 77 
7H 1 65, JCH3 0 92, 0 92 
7CH3 1 20 
7CH2 1 98, 1 90, 6CH2 3 56, 3 37 
7 CH 2 1 49, 1 33, ¿CH2 1 68, 1 68 
€CH2 2 97, 2 97, eNHj 7 52 
7CH3 1 30 
7 H 1 62, (5CH3 0 87, 0 87 
7 CH 2 2 61,2 37, eCH3 2 05 
7NH2 7 57, 6 87 
7CH2 2 59, 2 49, eCH3 2 05 
7CH2 1 43, 1 43, <5CH2 1 70, 1 70 
£CH2 2 97, 2 97, fNHj 7 52 
7CH3 1 31 
7CH3 1 38 
2H 8 60, 4H 7 30 
7CH2 1 38, 1 11 
7CH3 0 82, ¿CH, 0 82 
2H 8 57, 4H 7 25 
7CH3 0 93, 0 93 
7CH2 1 45, 1 45, ¿CH2 1 69, 1 69 
£CH2 2 97, 2 97, eNHj 7 52 
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Table 4 2 Proton resonance assignments of msm complexed to SDS micelles at 40°С and 



















































































































3 41, 3 05 
1 88 
6 39, 5 60 
1 96, 1 69 
3 20, 2 89 
3 59 
2 34, 1 79 
3 63, 3 02 
1 86, 1 80 
3 64 
145 
1 82, 1 68 
2 25, 2 10 
3 04, 3 00 
2 87, 2 78 
2 16, 2 04 




3 44, 2 66 
3 37, 3 12 
3 65, 2 72 
3 85, 3 85 
184 
3 26, 3 17 
2 13 
6 11, 5 79 
1 96, 1 86 
Others 
7CH 2 1 75, 1 33 
7CH3 1 03, ÓCH3 1 00 
7CH3 1 87 
7 CH 2 1 47, 1 17 
7CH3 0 94, ¿CH3 0 80 
7H 1 69, <ÜCH3 0 95, 0 95 
7CH3 1 23 
7 CH 2 2 01, 1 96, <5CH2 3 47, 3 47 
7 CH 2 1 52, 1 52, JCH2 1 69, 1 69 
£CH2 3 03, 3 03, eNHt 7 42 
7CH3 1 28 
7H 1 82, ¿CH3 0 91, 0 91 
7 CH 2 2 63, 2 46, fCH3 2 10 
7 NH 2 7 48, 6 85 
7 CH 2 2 60, 2 53, eCH3 2 07 
7 CH 2 1 50, 1 45, ¿CH2 1 73, 1 73 
«CH2 3 03, 3 03, tNHj 7 42 
7CH3 1 32 
7CH3 1 39 
2H 8 63, 4H 7 32 
7 CH 2 1 45, 1 15 
7CH3 0 89, ¿CH3 0 89 
2H 8 57, 4H 7 27 
7CH3 0 94, 0 94 
7 CH 2 1 51, 1 51, ¿CH2 1 73, 1 73 
eCH2 3 03, 3 03, eNUt 7 42 
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Table 4 3 Proton resonance assignments of nisin m 75% TFE/25% H^O at 40° С and 

















































































































3 42, 3 03 
2 01 
6 04, 5 53 
1 79, 1 79 
3 18, 2 86 
3 56 
2 39, 1 91 
3 67, 3 08 
1 85, 1 85 
3 67 
1 48 
1 80, 1 80 
2 28, 2 18 
3 14, 3 01 
2 86, 2 86 
2 22, 2 06 




3 51, 2 75 
3 45, 3 09 
3 64, 2 85 
3 93, 3 86 
1 88 
3 30, 3 17 
2 15 
5 99, 5 78 
1 94, 1 83 
Others 
7CH2 1 67, 1 33 
7CH3 1 12, <5CH3 1 03 
7CH3 1 86 
ТСН2 1 51, 1 18 
і С Н 3 0 98, 5СН 3 0 84 
7 Н 1 65, ¿СНз 0 96, 0 96 
7СН3 1 32 
7СН 2 2 12, 1 91, <5СН2 3 68, 
7СН 2 1 55, 1 45, ¿СН2 1 76, 
еСН2 3 03, 3 03, eNHÍ -
7СН3 1 35 
7Н 1 70, 5СН3 0 95, 0 95 
7 С Н 2 2 68, 2 61, еСНз 2 14 
7NH2 7 27, 6 56 
7СН 2 2 62, 2 54, еСН3 2 11 
7СН 2 1 57, 1 44, <5СН2 1 77, 
еСН2 3 05, 3 05, «NHj -
7 С Н Э 1 36 
7СН3 1 45 
2Н 8 47, 4Н 7 27 
7 С Н 2 1 47, 1 19 
7СН3 0 91, 5СН3 0 91 
2Н 8 47, 4Н 7 25 
7СН 3 1 00, 1 00 
7 С Н 2 1 51, 1 51, ¿СН2 1 76, 







Table 4 4 Amide proton resonance assignments of nisin complexed to DPC or SDS 















































































































































































































































Nisin in non-aqueous environments 
A d\H N H ( I . ' + 1 ) 
Mother \ H ( M - H ) 
1 5 10 15 20 25 30 34 
I О A I UL AA-PGAKA'GALMGANMKA'AA'AHAS I HVUK 
I—s—J L s - I I s 1 I—s-|—J J 
D dN'H S H ( I , I + 1 ) 
dH» N H ( ' . ' + 1 ) 
doiher N H ( M * 1) 
I') ·> ?•?•? ? I 
^ <JNH N H ( " И ) 
СІН° N H ( " + 1 ) 
d
other \ н ( м > О 
Fîj/m*· ^ .'/ Sequential NOEs observed, at 40° and pH 3.5, for (A) nisin m 75% TFE/25% 
water, (B) msm complexed to SDS micelles, and (C) nism complexed to DPC micelles. 
Tin solid bars indicate NOE connectivities observed in NOESY spectra with mixing times 
of 150 ms NOEs, which could not be assigned unambiguously, because of overlap or 
bleaching after irradiation of the water resonance, are indicated by question marks. In 
the case of proline, connectivities between protons of Ala"s8 and the Hs of Pro9 have 
been found, indicating the presence of trans proline ¡or nisin m the membrane-mimetic 
environments, as was the case for nisin in aqueous solution (Slijper et al., 1989). 
ppm, respectively Temperature, SDS concentration, pH and NaCl concentration 
had little or no effect on the major to minor component ratio. The resonances of 
the minor component cannot be attributed to nisin in aqueous solution. 
The chemical shifts of backbone NH and IIa protons of nisin in the three mem-
brane mimetics were compared to those observed in water (see Figure 4 4). The 
global pattern of the differences in chemical shifts is similar for the three model 
svstems The lesonances of protons in the N-terminus exhibit the largest differences 
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in chemical shift, suggesting a different conformation for the N-termmus in the 
non-aqueous environments compared to nisin in aqueous solution In principle, 
chemical shift data can be interpreted in terms of a or β secondary (protein) struc­
ture (Wishart et a l , 1992) However, since 65% of the residues of nisin are present 
in lanthionine ring structures, regular secondary structure is not to be expected 
here Moreover, no data are available to correlate chemical shift to structure for 
lanthionines and α,β unsaturated amino acids 
To supplement the findings based on chemical shift data CD measurements were 
performed The CD spectra of nisin in the three model systems differ significantly 
from the CD spectrum of nisin in aqueous solution (see Figure 4 5), suggesting that 
the conformation of nisin in the three membrane mimetics is different Irom that in 
aqueous solution The CD spectra of nisin complexed to SDS and DPC micelles are 
similar, indicating a similar conformation The CD spectrum of nisin in TFE/water 
showed global features, which were also observed in the micellar spectra The con­
formation of nisin in TFE/water might resemble the micellar conformation Again, 
in view of the presence of lanthionines and α,β unsaturated amino аскіь no attempt 
was made to deduce average secondary structure from the CD spectra 
Another striking difference between nisin in aqueous and non aqueous environ­
ments is the pH dependence of its solubility In water nisin is soluble at low pH, the 
solubility decreases strongly with increasing pH, when the two histidines are depro-
toiidted Both His27 and His31 have a pKa of about 6 5 (Slijper et al 1989) In 
the non-aqueous environments nisin is soluble both at low and high pH In all three 
systems, TFE/water, SDS and DPC micelles, both histidines have nearly identical 
pKa's of 6 0, 7 5 and 6 5, respectively, as determined from chemical shift vs pH 
curves Apparently, the presence of two charged histidines is no longer needed for 
the solubility of nisin in non-aqueous environments 
Qualitative analysis of NOE data does not reveal substantial differences in com­
parison with the results obtained for aqueous solution Especially the long range' 
NOEs are few in number, and are rather weak Hence, we expect no dramatic change 
in overall tertiary structure upon binding of nisin to the micelles Elucidation of more 
subtle structural changes requires careful analysis of NOE intensities in terms of ìn-
terproton distances, taking spin diffusion into account (Van de Ven et al 1991a), 
followed by distance-geometry calculations and restrained energy minimization 
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Difference in chemical shift (ppm) 
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Figure 4 4 Difference m chemical shifts of nisin in aqueous solution with respect to msm 
in a non-aqueous environment ¡or (A) amide NH protons of nisin complexed to DPC 
micelles, (B) NH protons of msm complexed to SDS micelles, (C) NH protons of msm 
m TFE/water, (D) Ha protons of nisin complexed to DPC micelles, (E) Ha protons of 
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Figure 4.5: CD spectra of 0.3 mM nisin (A) in aqueous solution, (B) m 75% TFE/25% 
water, (C) in the presence of 8 mM SDS and (D) m the presence of 12 mM DPC. 
In conclusion, nisin has been studied in membrane-mimicking model systems, 
for which the 'H NMR spectra were assigned completely CD spectra and chem­
ical shift data indicate that nisin adopts a different conformation in a membrane 
environment as compared to nisin in aqueous solution. According to the NOE data 
this conformational change may be rather limited and does not appear to affect the 
overall fold of the molecule. The main differences are indicated for the N-terminus 
In this respect, it is interesting to note that degradation at Dha5, and not at Dha33, 
causes inactivation of nisin (Chan et al., 1989; RoUema et al., 1991) 
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3D structure of nisin bound to 
membrane-mimetic micelles 
5.1 Abstract 
The lantibiotic nisin is a cationic, polycyclic bacteriocin containing 34 residues, in­
cluding several unusual dehydro-residues and thioether-bridged lanthionines. The 
primary target of its antimicrobial action is the cytoplasmic membrane Therefore 
the conformation of nisin when bound to membrane-mimicking micelles of zwitter-
lonic dodecylphosphocholine and of anionic sodium dodecylsulphate was determined 
with high resolution nuclear magnetic resonance (NMR) spectroscopy Structures 
were calculated on the basis of NMR-derived constraints with the distance-geometry 
program DIANA and were further refined by restrained energy minimization using 
X-PLOR The conformation of nisin complexed to both types of micelles is the same, 
inespective of the different polar head-groups of the detergents. The molecule con­
sists of two structured domains an N-terminal domain (residues 3 to 19) containing 
three lanthionine rings numbered А, В and C, and a C-terminal domain (residues 
22 to 28) containing two intertwined lanthionine rings numbered D and E. These 
domains are flanked by regions showing structural variability. Both domains are 
clearly amphipathic, a property characteristic for membrane-interacting polypep­
tides. The structures of the ring systems are better defined than those of the linear 
Henno W van den Hooven, Chantal С M Doeland, Mart van de Kamp, Ruud Ν Η. Konings, 
Cornells W Hilbers, Frank J M van de Ven (1995) submitted 
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segments The four-residue rings B, D and E of nisin all show a /J-turn structure, 
which is closed by the thioether linkage The backbones of the rings В and D form 
type II /3-turns Ring E resembles a type I /3-turn Preceding the intertwined rings 
D (residues 23-26) and E (25-28) another type-II /3-turn is found formed by the 
residues 21-24, so that the C-terminal domain consists of three consecutive /3-turns 
The structures of nisin in the micellar systems differ significantly from the previ­
ously determined (and now partially recalculated) structure in aqueous solution (see 
chapter 2) in the first lanthiomne ring around dehydroalanine 5 
5.2 Introduction 
Nisin is active against a broad range of Gram-positive bacteria The primary target 
of the antimicrobial nisin molecule is the membrane of sensitive cells (for references 
see chapter 1) The activity of nisin was found to be influenced by the phospholipid 
composition of the liposomal membrane and depends on a trans-negative membrane 
potential of sufficient height 
Nisin contains a number of unusual amino acids, namely lanthiomne, 3-methyl-
lanthionine, dehydroalanine and dehydrobutynne (see Figure 5 1) The N-terminal' 
part of the lanthiomne or of the 3-methyllanthionine is always in the D-configuration, 
whereas the other half is in the L-configuration (Gross & Morell, 1971) The C^ 
atom of 3-methyllanthionine is in the S-configuration (Morell & Gross 1973) The 
dehydrobutynne is in the Z-configuration (Chan et a l , 1989) 
NMR studies have been performed on nisin in aqueous solution (see chapter 2) 
The conformation of nisin has been studied by NMR and CD spectroscopy in 
membrane-mimicking environments, simulating its target site (see chapter 4) The 
results indicated that nisin undergoes a local structural transition when brought 
into these environments Here we report on the 3D structures of nisin complexed 
to membrane-mimetic micelles of zwitter-ionic dodecylphosphochohne (DPC) and 
of anionic sodium dodecylsulphate (SDS) These structures are compared to that of 
nisin in water (see chapter 2) The structure of nisin in water was determined via a 
different protocol and has now partially been recalculated The structures of nisin 
when complexed to DPC and to SDS micelles are similar to each other and differ 
significantly from that in water in ring A, particularly around residue Dha5 
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COOH 
Figure 5 1 The primary structure of nism and structures of the unusual amino acids (a) 
A A A* A 
U = dehydroalanme, (b) 0 = dehydrobutyrine, (c) S = lanthionine and (d) —S 
= 3-methyllanthionine 
5.3 Materials and Methods 
5.3.1 Chemicals 
Nisin was obtained as a gift of Aphn & Barrett Prior to use the material was 
further purified by RP-HPLC (Rollema et a l , 1991) [2H25]-SDS and [2H,8]-DPC 
were purchased from MSD Isotopes Dha5Dhb msm Ζ 1-32 and [a-OH-Ala5]nisin 
A 1-32 were a kind gift from dr H S Rollema (NIZO, Dutch Institute for Dairy 
Research) 
5.3.2 N M R spectroscopy 
2D NMR measurements were performed at 40°C NOESY spectra (Jeener et a l , 
1979, Bodenhausen et a l , 1984) with mixing times of 50, 150 and 450 ms were 
recorded for a sample containing 3 mM nisin and 100 mM [2H25]-SDS and for a 
sample with 3 6 mM nisin and 160 mM [2Нза]-ОРС The pH was adjusted to 3 5 
(pH meter reading) The NOESY spectra were obtained at 600 MHz on a Bruker 
AM600 spectrometer, interfaced to an Aspect3000 computer The carrier was placed 
at the water resonance The solvent signal was suppressed by continuous irradiation 
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during the relaxation delay (15 s) and also during the mixing timo The spec­
tra were acquired in the phase-sensitive mode using the T P P I method (Redfield L· 
Kunz, 1975, Marion к Wuthnch, 1983) The spectral width was 13 ppm in both 
dimensions The size of the data matrix was 2048x512 (t2Xti) The data were 
processed using the NMRi software package (New Methods Research Ine , Syracuse, 
NY) Before Fourier transformation the NOESY time domain data were multiplied 
by a cosine window in both dimensions and were zerofilled once in t 2 and twice in 
ti 
ROESY (Bothner-By et a l , 1984), Ρ COSY (Manon & Bax, 1988) and DQF-
COSY (Ranee et a l , 1983) spectra were recorded with samples similar to those used 
for the NOESY experiments The ROESY spectra were measured at GOO MHz on 
a Bruker AMX2 600 spectrometer, interfaced to an Aspect station equipped with a 
RS3000 processor In the ROESY experiment the spin-lock field was 3 5 kHz and the 
mixing time was 80 ms Two | pulses were flanking the spin-lock pulse to eliminate 
offset effects (Gnesingcr & Ernst, 1987) Data processing involved multiplication of 
the free induction decays (FIDs) by a § shifted sine bell and zerofilhng once in ti 
The COSY type spectra were recorded on a Bruker AM400 spectrometer operating 
at 400 MHz and interfaced to an Aspect3000 computer The number of data points 
in the t 2 direction was 8192 and 512 in ti The FIDs were multiplied by shifted sine 
bells with phase shifts | and J along ti and t 2 , respectively The final resolution in 
the F 2 direction of the COSY spectra was 1 2 Hz per point 
Temperature coefficients (see chapter 6) were calculated from the resonance as­
signments at 5 7°, 25° and 40°C (Van den Hooven et al , 1993) (see chapter 4) 
It was observed that these coefficients did not have different values for the tem­
perature ranges 5°-25° and 25°-40°C Amide proton exchange was measured by 
dissolving lyophilized H 2 0 samples in
 2 H 2 0 and following the time dependence of 
the disappearance of amide proton signals Ten minutes after dissolving the sample 
the first ID spectrum was recorded The majority of the amide lesonancos was no 
longer visible These experiment were performed at 25° and 40°C Also л TOCS Y 
was recorded rapidly without phase cycling in 5 minutes to study the amide ex­
change (Marion et al , 1989) 
The samples of the Dha5Dhb nism mutant and of the a-OH-Ala' degrada­
tion product had a concentration of 3 mM Experiments were performed on these 
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molecules in aqueous solution and when DPC was added to a 35-fold excess The pH 
was adjusted to 3 5 Experiments were conducted at 40°C MLEV17-TOCSY (Bax 
& Davis, 1985, Gnesinger et al, 1988) and NOESY spectra were recorded with ac­
quisition and processing parameters that were essentially the same as those described 
above and in (Slijper et a l , 1989, Van de Ven et a l , 1991b) 
5.3.3 Angle constraints 
For both micellar systems, due to the large NH line width, only the larger 3·/ι\ΐΗ-Ηα 
coupling constants (> 8 Hz) could be determined reliably from the COSY cross-
peaks The large coupling constants V N H W w e r e u s e d t 0 restrict the torsion angle 
φ in the structure calculations (see below) to [-160°, -80°] (Kline et al 1988) or to 
[80°, 160°] in the case of L- or D-amino acids, respectively 
5.3.4 Distance constraints 
The majority of the constraints that were used in the structure calculations (see 
below) were derived from the NOESY spectra The cross-peak volumes were deter­
mined by fitting rectangulai boxes around selected peaks and calculating the sum of 
all points in these boxes using the NMRi software package The conversion to dis­
tances was carried out with the program N02DI, which takes spin diffusion into ac­
count (Van de Ven et al 1991a) Scaling was performed with H" NH,, H" NH,
 + ι 
and NH, NH,
 + j distances N02DI was executed with 2 cycli, 20 iterations per 
NOE, a TC, for the whole molecule, of 2 5 ns and а т с of 0 5 ns for methyl groups 
The NOESY spectra with mixing times of 50 and 150 ms yielded similar distances 
and the average distance was used The distances derived from the NOESY spec­
trum with a mixing time of 450 ms often deviated from the distances derived from 
the 50 and 150 ms NOESYs Only those NOE cross-peaks in the 450 ms NOESY 
spectrum that were not observed in the 50 and 150 ms NOESY spectra were taken 
into account These long-mixing time NOEs were carefully checked in the spectrum 
and the corresponding distances, which were in the 5 7 A range, were added to 
the list derived from the 50 and 150 ms NOESYs The thus obtained distances 
(d) were converted to upper distance bounds (d
u
) according to du = 0 95xd 4-




 + j distances according to d| = 1 03xd - 0 04xd 2 These formulas 
were chosen to obtain an allowed deviation of 5% for a distance of 2 Â and 15% for 
a distance of 4 5 Á Lower-distance bounds that are close to the sum of the Van der 
Waals radii of two protons are not informative and were therefore omitted 
5.3.5 Structure calculations 
The 3D structures were calculated by the program DIANA 2 1 (Guntert et a l , 
1991a) using the aforementioned angle- and distance-constraints as input Residue 
topologies for the alanyl and 3-methylalanyl moieties of lanthionines which are in 
the D-configuration, and for dehydroalamne and dehydrobutyrme were added to the 
standard amino-acid library For lanthionines distance constraints were introduced 
such that the C-S-C geometry resembles the one in methionine, ι e the distance 
between the С and the S is 1 8 Â and the distance between the two C" atoms is 
allowed to vary between 2 6 and 2 8 À Standard parameters (Guntert et al , 1991a) 
were used for minimization of the DIANA variable target function Based on prelim-
inary structures obtained after a few DIANA runs, the ambiguity in the assignment 
of a few NOEs could be resolved and the corresponding distance bounds were added 
to the list of constraints Stereospecific assignments were made with the GLOMSA 
program (Guntert et al , 1991a, Guntert et al , 1991b) The criteria foi acceptance 
of a stereospecific assignment were essentially the same as those published for the 
Antp(C39 —> S) homeodomain (Guntert et a l , 1991b) The obtained structures 
satisfied all constraints 
In the next step of the protocol a further refinement of the structures was carried 
out in which the back-calculated NOESY spectrum was fitted to the experimental 
NOESY spectrum recorded with a mixing time of 150 ms For this purpose the 
program CORMA 2 25 was used (Borgias et a l , 1990) A single effective isotropic 
correlation time of 2 5 ns for all interactions was assumed A three-site jump model 
for all methyl relaxation was used In case where a NOE was back-calculated and 
the corresponding cross-peak was clearly absent in the NOESY as well as in the 
ROESY spectrum lower-distance bounds, with a maximum of 4 0 Â, were introduced 
in subsequent DIANA calculations These lower-distance bounds were introduced 
for protons for which NOEs to other nisin resonances had been observed Lower-
distance bounds were also introduced when the calculated NOE intensity was much 
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larger than the measured intensity Subsequently, another DIANA calculation was 
carried out with the new set of lower-distance bounds and the CORMA/DIANA 
cycle was repeated 
The structures were further refined by restrained energy minimization in vacuo 
with X-PLOR 3 1 (Brunger, 1992) Residue topologies for dehydroalanine and de-
hydrobutynne were added Standard X-PLOR patches for the N- and C-terminus 
and for the conversion of L- to D-amino acids were used Patches were constructed to 
build lanthionines from Ser, Thr and Cys The following energy constants were used 
^distance constraint = 25 kcal mol A , «torsion-angle constraint = 20 kcal mol rad , 
kboncb kbond angle an^ k i m p r 0 p e r had default values (from the X-PLOR manual) A 
planarity energy term was introduced to maintain the constituents of the double 
bond of Dha and Dhb within a given plane A torsion-angle energy term with 
an energy constant of 2 kcal mol - 1 r ad - 2 was included for the side chains to pre-
clude eclipsed conformations However for lanthionines, where the side chain is part 
of the backbone of a ring, this term was excluded The Van der Waals function 
was a simple repulsive potential, the energy constant for this repulsion function 
was 4 kcal mol - 1 À - 4 The Van der Waals radii were multiplied by 0 8 to obtain 
radii which are similar to those used in the DIANA program (Brunger, 1992) A 
square-well function was used as the restraining function for NOE-denved distances 
The minimization consisted of two parts First 1000 steps of unrestrained energy 
minimization were performed with only covalent-bond, bond-angle and ïmproper-
dihedral-angle energy terms to convert the covalent geometry of the structures calcu-
lated by DIANA to the one used by X-PLOR Then 4000 steps of restrained energy 
minimization were carried out with covalent-bond, bond-angle, ïmproper-dihedral-
angle, torsion-angle, Van der Waals, torsion-angle-restraints and distance-restraints 
energy In both steps no electrostatic energy term was included The structures 
were visualized using the QUANTA 3 3 program from Polygen, MSI 
5.4 Results 
Previously, the structure of nisin has been studied in aqueous solution by NMR 
spectroscopy (Chan et a l , 1989, Slijper et al , 1989, Van de Ven et al , 1991b, Lian 
et al , 1992) (see chapter 2) However, since the active conformation of nisin is 
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presumably that at its target site, i.e. at the cytoplasmic membrane, we consid­
ered it worthwhile to study the molecule by high-resolution NMR spectroscopy in 
a membrane-like environment. For this purpose membrane-mimetic micelles of an­
ionic SDS and of zwitter-ionic DPC were used. The complete resonance assignments 
of the *H NMR spectrum of nisin complexed to DPC and to SDS micelles have been 
published previously (Van den Hooven et al , 1993) (see chapter 4) and have been 
deposited in the BioMagResBank, a NMR structure database (Seavey et al., 1991), 
under refJD 2521. The interpretation of the spectrum could be further extended 
with some stereospecific assignments (vide infra). The three systems will henceforth 
be referred to as nisin/H 2 0, nisin/SDS and nisin/DPC. 
5.4.1 Structure calculations for nisin complexed to micelles 
For the first round of DIANA calculations distance constraints that were directly 
obtained from the observations of NOEs and angle constraints were used. Espe­
cially for nisin/SDS but also for nisin/DPC this procedure yielded many struc­
tures, that were rather compact, ι e. with contacts between residues far apart in 
the sequence. Since there was no evidence for such contacts in the NOESY and 
ROESY spectra, these structures had to have incorrect overall folds Therefore, 
based on NOE-backcalculations, lower-distance bounds were added to cure the struc­
tures of these spurious contacts. For the nisin/DPC system the combined distance-
geometry/NOE-backcalculation procedure converged to yield extended structuies or 
structures with an obtuse angle between N- and C-terminal halfs of the molecule 
(vide infra). For the nisin/SDS system the procedure did not conveige and was 
stopped after more than thousand 'push-apart' constraints had been added. It is 
important to note that these non-NOE constraints had little or no effect on the 
structures of the individual lanthionine rings. 
The final DIANA calculations were carried out with 500 and 300 randomly 
generated start structures for nisin complexed to SDS and DPC micelles, respec­
tively. The number of distance constraints is given in Table 5.1. The numbers of 
intra- and inter-residue upper-bound-distance constraints per residue are presented 
in Figure 5.2. The number of intra-residue constraints per residue is the same for 
nisin/SDS and nisin/DPC. The variation in the number of inter-residue constraints 
per residue is similar in both micellar systems, but the absolute numbers are higher 
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" The number of constraints involving lanthwntnes, which is included tn the first number m this 
column, is indicated within parentheses 
b
 The number of interring constraints, which is included tn the number of medium- and long-
range distance bounds, is indicated within parentheses 
for nisin/DPC than for nisin/SDS. The residues located in linear peptide segments 
have in general the lowest number of inter-residue constraints. Five φ torsion-angle 
constraints were obtained, namely for the residues Alag8, Alag23, Alag25, His27 and 
in the case of SDS also for Ile4 and in the case of DPC micelles also for
 s
Ala7. In 
the majority of the preliminary structures obtained after the first round of DIANA 
calculations a hydrogen bond between the NH proton of s Alali and the carbonyl 
oxygen atom of Ala£8 was found, in agreement with the low temperature coefficient 
and the slow exchange observed for this NH proton; subsequently, a hydrogen-bond 
distance bound of 2.4 Â was introduced for this atom pair. 
For nisin/DPC the H" protons of the residues Alas3, sAla7, Pro9, sAlall, Metl7, 
sAla26, His27 and sAla28, the HQ protons of GlylO and Glyl8 and the H7 protons of 
Pro9 were assigned stereospecifically using the program GLOMSA (Giintert et al., 
1991b) (see Table 5.2). In the same manner, for nisin/SDS, the H'' protons of the 
residues Pro9, ¡¡Alali, Asn20, sAla26 and His27 and the HQ protons of GlylO were 
assigned stereospecifically (see Table 5.2). For both systems the H^ protons of dehy-
droalanine were assigned stereospecifically using intraresidue Щ -NH¡ and sequential 
Hf-NH,
 + ! NOEs. 
The 15 structures which gave the best results both in distance-geometry and 
NOE-backcalculations were selected for both micellar systems. They were subjected 
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Figure 5.2: Number of intra- (à) and inter-residue (k) upper-bound-distance constraints 
for nism/SDS and the number of intra- (O) and inter-residue (Ш) upper-bound-distance 
constraints for msm/DPC An mtra-residue constraint is counted once for the correspond­
ing residue, an inter-residue constraint is counted twice, namely for both. The ring systems 
are formed by the residues 3-7, 8-11, 13-19 and 23-28 and their positions are indicated 
by bars at the top of the figure. 
This yielded the final structures, which did not or hardly differ from the structures 
obtained in the previous round An additional 5000 steps of unrestrained energy 
minimization had no significant effect either, which indicates that the final structures 
obtained after restrained energy minimization are energetically acceptable 
5.4.2 Structure recalculation of a part of nisin in water 
The protocol for the structure calculation described above was somewhat different 
from the approach used previously to calculate nisin m aqueous solution 
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Table 5 2- Stereospecific assignments for nisin/DPC and for nism/SDS obtained using 
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(DISMAN/CHARMm versus DIANA/X-PLOR) (Van de Ven et al., 1991b) (see 
chapter 2). Previous studies (Van den Hooven et al., 1993) (see chapter 4) already 
suggested that the most important conformational differences between nisin in aque­
ous solution and in micellar systems occur in the N-terminus. In order to rule out the 
possibility that these differences are caused by the different protocols of structure 
calculation, the structure of the segment of nisin in aqueous solution comprising the 
residues Ilei to sAlall, including the rings A and B, was recalculated with exactly 
the same protocol as used for nisin/DPC and for nisin/SDS. 
DIANA and X-PLOR calculations were carried out with 101 upper-distance 
bounds, of which 27 were intra-residual, 52 sequential (including 11 intra-lanthionine) 
and 22 medium- or long-range (including 11 interring), and a total of 169 lower-
distance bounds. The torsion-angle constraints were the same as those used in the 
previous structure calculation for nisin in aqueous solution (Van de Ven et al., 1991b) 
79 
Chapter 5 
Table 5.3: Analysis of 15 structures of nism complexée, to SDS and to DPC micelles and 
of 15 structures of the recalculated fragment of msm-(l-ll) in water. 
Quantity 
DIANA target function (Â2) 
range 
X-PLOR energy (kcal-mol-1)" 
range 
NOE violations 
number > 0.2 Â 
maximum (Â) 
Torsion-angle violations 



























"The X-PLOR energy was calculated as the sum of covalent-bond energy, bond-angle energy, 
improper-dihedral-angle energy, torsion-angle energy and intramolecular Van der Waals 
energy. 
(see chapter 2). DIANA calculations were performed with 200 start structures. The 
15 structures with lowest target function were selected. The H^ protons of the 
amino acids Alas3, Dha5, sAla7, Pro9 and s Alali were stereospecifically assigned 
using GLOMSA. The results of the DIANA/X-PLOR calculations are presented in 
Table 5.3. 
The recalculated conformation of ring В is identical to the previously reported 
one (Van de Ven et al., 1991b) (see chapter 2). The structure of ring A was de­
termined with greater precision compared to the previously used protocol. The 
DIANA/X-PLOR approach yielded structures, which are a subset of the previously 
determined ones. 
5.4.3 Analysis of the quality of the structures 
The results of the DIANA and X-PLOR calculations are summarized in Table 5.3. 
The calculated structures satisfy all the NMR constraints and have a correct covalent 
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Figure 5 3 Ramachandran plots for (a) L and (b) D-amino acids of nisin/'DP'C, (c) L 
and (d) D ammo acids of nism/SDS and of (e) L- and (f) D-ammo acids of the fragment 
1 to 11 of nisin in aqueous solution The allowed regions of L-ammo acids (Brunger, 
1992) were converted m the case of D-ammo acids by changing the sign of both torsion 
angles In all cases φ and ψ angles were taken of 15 structures 
geometry Furthermore, in a Ramachandran plot (see Figure 5 3) the φ and φ angles 
of the majority of the L- and D-amino acids of all 15 structures fall within or near 
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Figure 5-4- Local RMSDs for backbone Ν, С ana С" atoms of segments of 3 residues 
versus the position of the central residue of the segment m the sequence ofnism. Averaged 
pairwise RMSDs were calculated using X-PLOR for the 15 structures of nism complexed 
to SDS (x) and DPC (Ш) micelles and the fragment 1-to-ll of nism in aqueous solution 
(A). The ring systems are formed by the residues 3-7, 8-11, 13-19 and 23-28 and their 
positions are indicated by bars at the top of the figure. 
Local backbone RMSDs, calculated for backbone atoms of segments of three 
residues, are depicted in Figure 5.4. The minima in this figure all correspond to 
the cyclic elements in nisin. The RMSDs for the individual rings (see Table 5.4) 
indicate that these local structures are well defined, with the exception of ring С 
in the nisin/SDS system (vide infra). Moreover, it is evident that the structures 
of the ring systems are better defined than those of the linear segments. This is 
in agreement with the number of inter-residue upper-distance-bound constraints, 
which are the lowest for the residues outside the ring systems (see Figure 5.2). 
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ring D, E 
residues 21-24 
ring A, В 




0.52 ± 0 22c 
0 08 ± 0 08 
1 86 ± 0 66 
O i l ± 0 08 
0 41 ± 0.20 
0 94 ± 0 46 
3 50 ± 0 79 
7 39 ± 1 46 
heavy atoms 
0.93 ± 0 29 
0 21 ± 0 12 
2 68 ± 0 63 
0 77 ± 0 47 
1 63 ± 0 38 
1 33 ± 0 58 
4 57 ± 0 94 
8 61 ± 1 47 
Nism/DPC 
backbone6 
0 32 ± 0 16 
0 03 ± 0 02 
0 69 ± 0 19 
0 29 ± 0 12 
0 44 ± 0 22 
0 41 ± 0 18 
0 93 ± 0 19 
6 16 ± 1 80 
heavy atoms 
0 67 ± 0 24 
0 06 ± 0 04 
1 32 ± 0 27 
0 94 ± 0 44 
1 70 ± 0 42 
0 70 ± 0 25 
1 67 ± 0 36 




ring A, В 
Nisin-(l-l l) m water 
backbone6 
0 24 ± 0 22 
0 01 ± 0 01 
0 30 ± 0 23 
heavy atoms 
0 64 ± 0 30 
0 35 ± 0 22 
0 62 ± 0 19 
" RMSDs (Â) for msm fragments calculated only for structures with distance bound viola-
tions within the fragments smaller than 0 4 Â 
bN, Ca and C' atoms 
"The number after the ± sign represents the spreading of the individual values with respect 
to the average RMSD value, listed before the ± sign 
5.4.4 Overall fold of nisin in micellar systems 
The structure of nisin cannot be described in terms of regular secondary structure 
elements, due to the presence of the ring systems in which 65% of the residues are 
incorporated As can be gleaned from Table 5 4 and Figure 5 4, only local structured 
elements can be determined with reasonable precision For the nisin/DPC system, 
the overall fold of the fragment Alas3 sAlal9 containing the first three rings, A, 
В and C, as well as the structure of the fragment Lys22-
s
Ala28 consisting of the 
rings D and E could be determined This is illustrated in Figures 5 5a and 5 5b, 
respectively For the nisin/SDS system, data that would allow the orientation of ring 
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Figure 5.5: Representation of 15 superimposed structures ofnism complexed to (a, b) DPC 
and to (c, d) SDS micelles. Only non-hydrogen atoms are shown. Optimal superposition 
of backbone N, NH, Ca, Ha, С and O' atoms of (a) the residues 3-19 and (b) 23-28 
of the nisin/DPC and of (c) the residues 3-11 and (d) 23-28 of the nism/SDS system 
The N- and C-termim are at the left and right side, respectively The position of ring С 
relative to the rings A and В is less determined for msin/SDS than for nism/DPC. The 
pictures m the subfigures α-d are taken from different view points. 
84 
3D Structure of nisin bound to micelles 




































"For a few structures this φ torsion angle was 150 
ь
 Difference m torsion angle for ntsm »n the micellar systems and m aqueous solution 
С to be constrained relative to ring В were lacking, mainly due to spectral overlap 
Therefore in this system only the overall fold of the fragment of the residues Alas3 
s Alal i could be determined in addition to the structure of the fragment of the 
residues Lys22-sAla28 (c f Figures 5c and 5d) 
5.4.5 Structured elements of nisin in micellar systems 
Most of the rings constitute structurally well-defined elements in nisin (see Figure 5 4 
and Table 5 4) The structures of the individual ring systems are shown in Figure 5 6 
The smallest rings B, D and E have the best defined conformations, they contain 
four residues and adopt a /3-turn structure, which is closed by a methyllanthionine 
(ι) Ring A When complexed to micelles no hydrogen bonds and no typical β-
or 7-turns were found in ring A, residues Alas3-sAla7 The φ, φ angles of Dha5 
are about -130° and 130°, respectively, both for nisin/DPC and nisin/SDS (see 
Table 5 5) The conformation around the dehydroalanine is not fully planar, in 
contrast to the crystal structure of N-acetyldehydroalanine (Ajo et al , 1979) Most 
probably the ring-closure causes the deviation from plananty For nisin in aqueous 
solution a 7-turn (Smith & Pease, 1980) around Dha5 is observed (in the recalculated 
structure) In this ring the single essential structural difference between nisin/DPC 
and nisin/SDS on the one hand and msm/r^O on the other hand is observed as 
described in the Discussion section 
(n) Ring В The four residues Alag8-s Alali adopt a type-II /3-turn structure, 
with the Pro9 and the GlylO in positions 2 and 3 of this turn as is often found for 
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Figure 5 6- Structures of the ring systems of nism with optimal superposition of backbone 
N, NH, Ca, H", C' and O' atoms The residues 3-to-7, forming ring A, are shown 
for: (a) nistn/DPC and (b) for ntsin/SDS The ammo acids 8-to-ll, forming ring B, 
are shown for- (c) nism/DPC and (d) nisin/SDS. The residues 13-to-19, forming ring C, 
are shown, without hydrogen atoms, for: (e) nism/DPC and (f) nisin/SDS The ammo 
acids £3-to-28, forming rings D and E, are shown for. (g) nism/DPC and (h) nisin/SDS. 
The sequence runs from the left to the right and the lanthionme is at the bottom of the 
subfigures. Only structures are shown for which the distance bound violations within a 
particular ring are smaller than 0 4 Â The number of structures shown in the subfigures 
a, b, c, d, e, f, g, and h are 12, Ц, 15, 15, 12, 15, Ц and 11, respectively. 
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Figure 5.7: Hydrogen bonding in parts of a representative structure of msin/DPC. Hydro­
gen bonds are indicated by dashed lines. Ring В is shown at the left and the fragment of the 
residues Met21 to sAla28 including three consecutive ß-turns at the right. For nism/SDS, 
in the majority of the structures a hydrogen bond between the Ν H proton of Ala'
s
S3 and the 
carbonyl oxygen atom of MetSl was observed, for a few structures a hydrogen bond between 
Ala24 and MetSl was found. The NH proton of Ala24 m both micellar systems exhibits 
slowed exchange. The other hydrogen bonds are similar for msin/DPC and nism/SDS. 
The hydrogen bonds were present m the structures after the distance-geometry calculations, 
they were not introduced by the restrained energy minimization. 
a type-II /J-turn (Richardson, 1981). A bifurcated hydrogen bond between the NH 
protons of GlylO and s Alali and the carbonyl oxygen atom of Alag8 is observed (see 
Figure 5.7). The amide proton of s Alal i shows a low temperature coefficient and 
slow exchange, in agreement with its participation in a hydrogen bond. The amide 
proton of GlylO is probably only transiently or weakly bonded in the bifurcated 
hydrogen bond, as can be concluded from the medium-sized temperature coefficient 
and the absence of slowed exchange for nisin/DPC. 
(in) Ring C. Of all the ring systems, ring C, residues Alagl3-sAlal9, has the 
least defined structure, although this is more outspoken in the nisin/SDS than in 
the nisin/DPC system Overlap of resonances was observed for this cyclic element 
for both micellar systems The ring adopts an approximately flat structure for 
nisin/SDS For nisin/DPC, the side chain of Metl7 is folded over the ring in the 
direction of the residue Ala|13. Because of the determined structural variability of 
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ring С it is impossible to decide if there are conformational differences between the 
two micellar systems, though the NOEs between the side chain of Metl7 and the 
N-terminal amino acids of ring С were only observed for nisin/DPC 
(ιυ) Intertwined rings D and E Ring D, residues Ala£23
 s
Ala26, adopts a type-
II /?-turn conformation In ring D a bifurcated hydrogen bond, similar to that in 
ring B, is found between the amide protons of AlaJ25 and sAla26 and the carbonyl 
oxygen atom of Ala£23 (see Figure 5 7) The amide proton of sAla26 shows a low 
temperature coefficient together with slowed exchange, indicative of an involvement 
in hydrogen bonding This was not observed for the amide proton of Akg25, which 
is probably not strongly bonded β-Turns with a D-amino acid in the third position 
have a preference to be of type II (Smith & Pease, 1980), indeed this type of /?-turn 
is observed for ring D of nisin 
In the structure of ring D of nisin/DPC, the orientation of the peptide bond be­
tween Alag23 and Ala24 could not be uniquely defined, due to overlap of resonances 
The NOE intensities, 3 J N H H Q coupling constants, chemical shifts and temperature 
coefficients observed for protons in the double ring are comparable for both micellar 
systems It is therefore reasonable to assume that the peptide bond between Alag23 
and Ala24 of nisin/DPC is oriented with the carbonyl pointing to the center of the 
ring, as is the case for nisin/SDS 
The residues А1ад25-дА1а28 constitute rmg E The structure of this ring looks 
like a somewhat distorted type-I /3-turn but shows no hydrogen bonds Different 
from ring D, the central amino acids in ring E, sAla26 and His27, have a normal 
L-configuration 
Because of the intertwining of the rings D and E, the peptide bond between 
Alag25 and sAla26 is part of both rings The orientation of this peptide bond is as 
expected for the type-II /?-turn of ring D For ring E, however, this peptide bond 
deviates from the orientation expected for a type I-like /?-turn Because of this un­
usual orientation no hydrogen bonds are found in ring E The angle between the 
planes through the /?-turns of both rings is about 120°, so that the peptide bond 
between Alag25 and s Ala26 can only have the correct orientation of a regular /3-turn 
for one of the rings, which is rmg D 
(υ) Structured element outside ring systems The backbone torsion angles of the 
amino acids Lys22 and Alag23 are indicative of a type-II /?-turn for the residues 
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Figure 5.8: Conformation of the residues Met21-Ala24 for (a) nisin/DPC and (b) 
nisin/SDS. The central residues in this ß-turn are indicated by their positions in the se-
quence. Optimal superposition of backbone N, NH, C, Ha, C' and 0' atoms. Only 
structures with distance-bound violations smaller than O.4 A are shown. The number of 
structures is 12 and 13 for nisin/DPC and nisin/SDS, respectively. 
Met21-Ala24, of which the last two residues are part of ring D (see Figures 5.7 
and 5.8). The third residue in this turn, Alag23, has a D-configuration. Characteris-
tic NMR markers for this type of turn (Wiithrich, 1986) are observed, i.e. 3^ΝΗ-Ηα 
coupling constants of the two central residues, Lys22 and AIa^23, are small and 
large, respectively, and the NOE between the HQ proton of Lys22 and the NH pro­
ton of AlaJ23 is strong. It is noted that ring D was also of type II and also had a 
D-amino acid in the third position. 
The three /?-turns observed for the residues Met21-Ala24, Ala£23-
s
Ala26 and 
AlaJ25-sAla28 have several residues in common. The C-terminal structured domain 
consists of these three consecutive /3-turns of types II, II and I, respectively. 
5.4.6 Evidence for flexibility 
Structural variability for nisin/DPC and for nisin/SDS, as observed in ring C, is also 
found in the N- and C-termini and for the residues Asn20 and Met21, which connect 
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the rings С and D (see Figure 5 4) This variability can in principle be caused by 
flexibility or by a lack of NMR-denved constraints, e g due to overlap of resonances 
The first option is more likely for several reasons first, the resonances of the residues 
in the flexible regions have a somewhat smaller line width compared to those of the 
ring systems, second, most of the 3 J N H - H " coupling constants for these residues are 
in the 7-8 Hz range, typical of motional averaging and, third, lack of NMR data 
is unlikely because there were almost no overlapping resonances or resonances that 
were bleached by irradiation of the solvent resonance for the residues involved 
To discriminate between flexibility or lack of NMR data for nisin in aqueous 
solution, ROESY and NOESY spectra have been compared (Lian et al 1992) For 
residues in both termini ROEs were observed, where NOEs were absent due to un­
favourable rotation correlation times, which is indicative of an additional flexibility 
for the termini In contrast to the situation in aqueous solution, the ROESY spectra 
of nisin complexed to micelles did not show any additional cross-peaks compared 
to NOESY spectra, so flexibility data could not be inferred in this way, most likely 
because UJTC S> 1 as the result of complexation between msm and micelles 
In the distance-geometry approach all time-averaged NMR constraints are re­
quired to be simultaneously satisfied in a single molecular structure However, it 
is possible that some of the NOEs represent only transient dipolar interactions be­
tween protons If this is the case the weak NOEs between the rings Α., В and С 
are the first to be suspected In general, when the time-dependence of NOEs would 
be taken into account, this would lead to an increase in the structural variability 
observed However, it should be noted that even if some of the NOEs represent only 
transient dipolar interactions between protons the structure as presented here is a 
preferred structure which will be present for a significant amount of time 
5.5 Discussion 
The nisin/micelle complexes are estimated to consist of 30 to 50 detergent molecules 
and one nisin molecule (see chapters 4 and 6), leading to an estimated mass of 
about 15 kDa for these complexes Well resolved spectra, which could be used for 
the structure elucidation of nisin in the micellar systems, were obtained at 40CC It 
was, however, possible to record NOESY spectra at 5 7°C, which were suitable for 
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the assignment of the NH proton resonances, but not for structure elucidation This 
allowed a comparison with the NOESY spectra used for the structure calculation for 
the nisin/H 2 0 system that were recorded at 7°C because of a more favourable штс 
at that low temperature (Van de Ven et al , 1991b) (see chapter 2) However, other 
conditions, such as pH, spectrometer frequency, etc were the same for nisin/DPC, 
msin/SDS and m s m / H 2 0 The pattern of chemical-shift differences between on the 
one hand msin/r^O and on the other hand nisin/DPC or msin/SDS is the same for 
both the 7° and 40°C spectra This strongly suggests that differences in conforma­
tion between nisin in the H 2 0 and micellar systems {vide infra) are indeed due to 
the binding of nisin to the micelles (see also chapter 6) and not to the difference in 
temperature 
The global structures of nisin in the micellar systems and in aqueous solution 
are essentially the same, the structures of the ring systems are well or reasonably 
well defined while the structure of the linear peptide segments is less defined The 
rings in the N-terminal half of the molecule are part of a structured domain and the 
residues Lys22 to sAla28 form a structured domain in the C-termmal half Over­
all, the structures in the msin/H 2 0 and nisin/DPC systems are somewhat better 
defined in that the rings А, В and С have similar orientations with respect to each 
other For nisin/SDS, only rings A and В have a well defined relative orientation 
whereas the position of ring С relative to ring В is structurally ill-characterized 
However, the relative orientation of the rings A and В resemble that of nisin/H 2 0 
and nisin/DPC Moreover the (weak) NOEs observed between the rings В and С for 
nisin/H 2 0 and nisin/DPC may be present in the msin/SDS system, but could not 
be established due to overlap Therefore, we assume that within the limits of the 
present structure determination the structures of nisin are similar in both micellar 
systems In all three systems the regions flanking the structured domains are quite 
flexible, giving the whole molecule a flexible appearance 
The mentioned orientation of the rings А, В and С renders the N-terminal half of 
the molecule amphipathic The lanthionines and the side chain of Lysl2 are located 
on one side and the hydrophobic residues Ile4, Dha5, Leu6, Alal5, Leul6 and Metl7 
on the other side (see Figure 5 5a) The C-terminal structured domain, consisting 
of three consecutive /3-turns, is also amphipathic, the side chains of the positively 
charged residues Lys22 and His27 and of the hydrophobic residues Met21 and Ala24 
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Figure 5.9: Ring В (dashed line) of the structure of msm complexed to DPC micelles with 
the lowest DIANA target function is fitted (a) on ring D of the same structure (solid line) 
and (b) on ring E (solid line) with optimal superposition of backbone N, NH, Ca, Ha, С 
and 0' atoms. The numbers are indicated first for residues of ring В and then f or residues 
of rings D and E 
arc found at opposite sides. The poorly defined and probably flexible C-terminus, 
consisting of the residues Ser29-Lys34, does not show a distinct spatial distribution 
of hydrophobic and hydrophilic or charged residues. The molecule is also amphi-
pathic from another point of view; the hydrophilic and charged residues of nisin are 
mainly located in the C-terminal half of the molecule, whereas the majority of the 
residues in the N-terminal half is hydrophobic and only a single charged residue, 
Lysl2, is present. 
An interesting aspect, not noticed in the nisin/H20 system, is that the residues 
Met21 to Ala24 just preceding and overlapping with the intertwined rings D (which 
starts at Alag23) and E form a type-II /3-turn (see Figure 5.8). This is the only 
structured element in nisin complexed to micelles outside the ring systems. Three 
other /3-turns have been observed in the rings B, D and E. The backbone conforma­
tions of two of these rings, namely В and D, are remarkably similar (see Figure 5 9) 
Apart from the strong similarities between the nisin structures in the different 
systems there are also some interesting differences, the most outstanding being the 
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Figure 5.10: Structures of ring A obtained for (a) msm complexed to DPC micelles (iden­
tical to that in Figure 5.6a) and (b) msm in aqueous solution. The number of structures 
shown m the subfigures a and b is 12 and 13, respectively Optimal superposition of back­
bone N, NH, Ca, Ha, C' and 0' atoms. The structure of ring A for nism/SDS is similar 
to that of nism/DPC (c.f. Figure 5.6). The conformational differences observed are due 
to a flipping of both (trans) peptide bonds flanking residue Dha5 (see text and Table 5.5). 
difference of the conformation of ring A in aqueous solution and in ' ' ε micellar 
systems (see Figure 5.10). This difference is most pronounced for the φ angles of 
the residues Dha5 and Leu6 and the ψ angles of Ile4 and Dha5 (see Table 5.5). 
The two (trans) peptide bonds flanking Dha5 are almost completely inverted. This 
i.s in excellent agreement with our previous observation that the resonances of Ile4 
to Leu6 exhibit the largest differences in chemical shift between nisin in water and 
complexed to micelles (Van den Hooven et al., 1993) (see chapter 4), even up to 1.2 
ppm for the NH proton of Dha5. The observed difference in temperature coefficient 
of the NH proton of Dha5 is also in agreement with the calculated structures Since 
the amide proton of r h a 5 is not involved in hydrogen bonding, the temperature 
coefficient is indicative of solvent shielding For n i s i n / ^ O , the NH proton of Dha5 
of ring A protrudes from the ring (see Figure 5.10) and is solvent exposed, which 
coiresponds well with the high temperature coefficient of-10 ppb-K - 1 In the mi-
cellar systems this amide proton points towards the inside of the ring and exhibits 
a low temperature coefficient, i.e. -1 and -2 ppb-K"1 for nisin/DPC and nisin/SDS, 
lespectively. For both nisin m water and in the micellar systems the conformation 
around Dha5 is not fully planar, but deviates by about 60° from plananty (note that 
in these two situations the orientation of the peptide bond differs b> about 180°) 
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This non-plananty is imposed by the NMR-denved constraints and not by a force 
field, after the distance-geometry approach the restrained energy minimization had 
only a small effect on the structures The structural difference observed for ring A 
of nisin in H 2 0 and the micellar systems is best expressed in the distances 4 NH 
5 NH, 5 NH 5 H" 1 and 6 NH 6 HQ, which of course correspond to differences 
in NOE intensities These NOEs can be considered as indicators of the structure of 
ring A The first NOE is small for nisin in aqueous solution and strong for nisin in 
the micellar systems The second NOE was of medium size in aqueous solution and 
small in micellar systems, whereas for the third NOE this was of medium intensity 
and strong, respectively 
A likely reason for the conformational change in ring A is an interaction of the 
residues Dha5 and Leu6 with the micelles This is indeed borne out bv the experi­
ments presented in chapter 6 Evidence was obtained that also other regions of the 
nisin molecule are in contact with the micelles, but apparently this has no effect on 
the structure Nisin must both be water-soluble and be able to bind to a membrane 
to exert its antimicrobial activity The energetically most favoured conformations 
in these environments appear to differ in ring A 
A nisin mutant and a degradation product which differ from wild-type nisin in 
residue 5 were studied by NMR Two naturally ocurnng nisin variants are known, 
nisin A and Ζ (Mulders et al , 1991) Nisin A has a His at position 27, while nisin 
Ζ has an Asn residue at this position Nisin A is referred to as nisin in this thesis 
Both variants are equally active (De Vos et a l , 1993) The Dha5Dhb nism-Z-(l 32) 
mutant has a 2 10 fold lower antimicrobial activity than nisinZ (Kuipers et a l , 1992) 
and the [a-OH-Ala5]nisin-A-(l-32) degradation product has an even lower activity 
(H S Rollema, unpublished results) Changing nisin at the site where it adapts its 
conformation to the environment can in principle have an effect on the solubility in 
water or on the interaction with micelles, which may have implications for nisin's 
activity To examine to which extent the conformation around residue 5 differs from 
the wild-type conformation, the resonances of the NH protons were assigned and 
the chemical shifts of these altered nisin molecules were compared (see Figure 5 11) 
The pattern of differences in chemical shifts of NH protons in aqueous solution and 
complexed to DPC micelles is the same for nisin A, the Dha5Dhb mutant and the 
[α-ΟΗ-Ala5] degradation product Only the extent of the differences changes, being 
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Figure 5.11: Chemical shifts (δ) of NH protons of nisin (o, solid line), Dha5Dhb nism-
Z-(l-32) (+, dashed line) and ¡a-OH-Alab]nism-A-(l-32) (U, dotted line) (a) m water 
and (b) complexed to DPC micelles and (c) difference in chemical shifts of NH protons of 
the molecule in water with respect to it complexed to DPC micelles (¿н2о - ¿DPcj· The 
resonance of the NH proton of Dhb2 has been observed only for nisin complexed to DPC 
micelles. The mutant and the degradation product lack the residues Dha33 and Lys34-
The NMR experiments were performed at 40°C and pH 3.5. 
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the largest for wild-type nisin and the smallest for the [a-OH-AIa5] degradation 
product A positive correlation between activity and the extent of these spectral 
changes is thus found (c f Figure 5 l ie) , which suggests that the conformation of 
ring A as observed in the micellar systems is the 'active conformation' 
It is noted in passing that the chemical shifts and the observed NOEs of nisin in a 
mixture of tnfluoroethanol and water (Van den Hooven et al , 1993) (see chapter 4) 
indicate that in this system the molecule adopts a conformation which is similar to 
the one determined for the micellar systems 
Currently about 25 lantibiotics are known, which can be subdivided in two 
classes type A, including e g nisin, subtilin, Pep5, epilancin K7, epidermin and gal-
lidermin, and type B, including e g duramycin, cinnamycin, ancovenin mersacidin 
and actagardine (Jung, 1991, Bierbaum & Sahl, 1993, Sahl et al , 1995) Lantibiotics 
of the first type exert their antimicrobial activity primarily by membrane pertur­
bation, while those of the other type are inhibitors of specific enzymes Only for 
a few of the lantibiotics the 3D structure has been elucidated (type-B lantibiotics 
cinnamycin (Kessler et a l , 1988, Kessler et al , 1992), duramycins Β and С (Zimmer­
mann et al , 1993) and actagardine (Zimmermann et al , 1995)] The conformation 
of the type-Α lantibiotic subtilin, which is structurally related to nisin has also been 
determined and it has been suggested that its conformation in aqueous solution is 
similar to that of nisin (Chan et al , 1992) The structure of the type-Λ lantibiotic 
galhdermin in tnfluoroethanol/water has been elucidated (Freund et al 1991), the 
molecule adopts an amphipathic conformation The amphipathicity seems to be a 
common feature among type A lantibiotics As noticed for nisin, structural variabil­
ity was also observed in the middle part of the galhdermin molecule 1 he second 
ring has the same amino-acid sequence and conformation as ring В of nisin and sub­
tilin So far, type I and II /3-turns have been found for four-residue lanthionine rings 
Nisin is the first type-Α lantibiotic for which the structure has been elucidated, both 
in aqueous solution and in a membrane-mimicking environment Local structural 
elements of nisin are affected by bringing the molecule from aqueous solution to a 
membrane-like environment, whereas the global structure remains more or less the 
same This is not a general property of type-Α lantibiotics since preliminary struc­
tural studies of a novel tvpe-A lantibiotic epilancin K7 (Van de Kamp et al 1995a, 
\ a n de Kamp et al 1995b) indicate that it adopts a completely different structure 
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when complexée! to DPC micelles compared to the structure in aqueous solution 
(S Mronga and M van de Kamp, unpublished results) 
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Surface location and orientation of 
nisin bound to 
membrane-mimicking micelles 
6.1 Abstract 
The interaction of nisin, a membrane-interacting catiomc polypeptide, with mem­
brane-mimicking micelles of zwitter-iomc dodecylphosphocholine (DPC) and of an­
ionic sodium dodecylsulphate (SDS) was studied Direct contacts have been estab­
lished through the observation of NOEs between nisin and micelle protons Spin-
labeled DOXYL-steanc acids were incorporated into the two micellar systems Prom 
the paramagnetic broadening effects induced in the Ή NMR spectrum of nism it 
is concluded that the molecule is localized at the surface of the micelles The in­
teractions of nisin with zwitter-ionic and with anionic micelles resemble each other 
as do the nisin conformations (see chapter 5) The hydrophobic residues are im­
mersed into the micelles and oriented towards the center, whereas the more polar 
or charged residues have an outward orientation The interaction of nisin with the 
micelle systems is conceived to model the first step in the mechanism underlying 
its antimicrobial activity, namely the binding of nisin to the cytoplasmic membrane 
of target bacteria Detailed structural information for this initial binding step is 
Henno W van den Hooven, Chris A E M Spronk, Mart van de Kamp, Ruud Ν Η Konings, Cornells 
W Hilbers, Frank J M van de Ven (1995) submitted 
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obtained Hydrophobic and electrostatic interactions appear to be involved in the 
nisin-micelle contacts It is suggested that subtihn, a lantibiotic structurally related 
to nisin, has a comparable membrane interaction surface 
6.2 Introduction 
The polycychc 34-residues-containing polypeptide nisin (see Figure 6 1) possesses 
bactericidal activity against a wide range of Gram-positive bacteria or their spores 
The primary target of nisin is the cytoplasmic membrane, in which membrane-
potential dependent pores are formed in vitro studies have furthermore indicated 
that the activity of nisin is highly dependent on the phospholipid composition (for 
references see chapter 1) 
The aim of our research is to unravel the structure/function relationship of nisin 
To this end the spatial structure of nisin in aqueous solution has been elucidated (see 
chapter 2) Furthermore, the 3D structures of nisin in membrane-mimicking model 
systems of micelles of dodecylphosphocholme (DPC) and of sodium dodecylsulphate 
(SDS) have been elucidated (see chapter 5) Despite the different polar head-groups 
of the detergents, the spatial structures of nisin when complexed to DPC or to 
SDS micelles appear to be similar In the first ring of nisin these structures, how­
ever, differ from that in aqueous solution The manner in which nisin influences 
the membrane-function is highly dependent on its orientation with respect to the 
membrane Here we report that in the presence of DPC and of SDS micelles it is 
located on their surface These observations will be used to describe a model for the 
interaction between nisin and cellular membranes 
6.3 Materials and Methods 
6.3.1 Chemicals 
Nisin was obtained as a gift of Aplin & Barrett Prior to its use in NMR studies it was 
further purified by RP-HPLC (Rollema et al, 1991) [2H25]-SDS and [2H38]-DPC 
were obtained from MSD Isotopes Pb^-SDS was from Biorad and ['Нз^-ОРС 
was a kind gift of R Dijkman and Prof Dr H M Verheij (University of Utrecht) 
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H - Ç - H H - Ç - H 
Н^-С—Н (S) H-C-NH 2 (R) 
ССЮН COOH 
Figure 6.1: The primary structure of nism and structures of the unusual ammo acids 
A A 
(a) dehydroalamne = U, (b) dehydrobutyrme = 0, (c) lanthionme = S~^ and 
A* A 
(d) 3-methyllanthionine = S~^ . 
5-DOXYL- and 16-DOXYL-stearic acid were purchased from Aldrich, deuterated 
methanol was from Merck, PC and PG were from Avanti Polar Lipids Inc. 
6.3.2 ESR spectroscopy 
Electron spin resonance spectra were recorded at 313 К on a Bruker ESP300 X-
band spectrometer as described previously (Brown et al., 1981; Mendz et al., 1988; 
Mendz et al., 1991). The pH of the micellar samples was 3.5 (pH meter reading). 
Samples were placed in flat cells. The rotational correlation times of the spin-labels 
were calculated from the ESR spectra as previously described (Stone et al., 1965; 
Cannon et al., 1975). 
6.3.3 1 3 C N M R spectroscopy of D P C and of SDS micelles 
Spin-labeled samples were prepared by taking aliquote of 0.1 M stock solutions of 
5- or 16-DOXYL-stearic acid in methanol to which, after drying under vacuum, 0.5 
ml detergent in 2 НгО solution at pH 3.5 (pH meter reading) was added. Dissolving 
of the spin-labels was aided by warming to 50°C and brief sonication on a water 
bath sonifier at room temperature. Spectra were recorded for samples containing 
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200 шМ Ή-SDS or 200 mM Ή-SDS and 6 т М nisin with or without 8 mM spin-
label and for samples containing 175 mM 'H-DPC in 0 5 ml 2 H 2 0 at pH 3 5, to 
which first 4 5 mM nisin and subsequently 8 mM spin-label was added n C NMR 
spectra were measured at 100 62 MHz on a Bruker AM400 spectrometer, interfaced 
to an Aspect3000 computer Standard composite-pulse proton decoupling was used 
The experiments were conducted at 313 К The number of datapoints was 32k (Ik 
— 1024), the number of scans 512 and the sweep width 25 or 55 ppm for SDS 
and DPC, respectively The spectral region of 25 ppm for SDS was such that the 
resonance of the CH 2 group next to the sulphate moiety of SDS was folded back 
in the spectrum The data were processed using NMR1 software (New Methods 
Research, Ine Syracuse, NY) No window function was used and the data were 
zerofilled to 64k The line width of the 1 3 C resonances was determined by curve 
fitting 
6.3.4 N M R spectroscopy of nisin with spin-labeled micelles 
Samples for the experiments with spin-labels were prepared by first dissolving nisin 
in 0 5 ml H 2 0 /
2 H 2 0 (9 1) or in 2 H 2 0 to a concentration of 3 mM and then adding 
2H-SDS to a concentration of 100 mM or 2H-DPC to a concentration between 100 
and 120 mM, resulting in a 30-40 fold excess of detergent The pH was adjusted to 3 5 
(pH meter reading) A small aliquot (1-2 μΐ) of spin-labeled stearic acid, taken from 
0 1 M stock solutions in deuterated methanol, was then added Spin-label titrations 
at 298 and 313 К were performed with DOXYL-steanc acid concentrations ranging 
from 0 1 to 0 6 mM to determine the optimum amount for large and specific effects 
lH NMR experiments were performed at 400 MHz on a Bruker AM400 spectrom­
eter, interfaced to an Aspect3000 computer Two different types of ID NMR spectra 
were recorded (a) with a simple | pulse preceded by water irradiation, or (b) with a 
| pulse followed by a 25 ms spin-lock period like in a TOCSY sequence (Bax & Davis, 
1985, Gnesinger et a l , 1988) The spin-label titrations were analyzed bv subtracting 
the Fourier-transformed spectra recorded for samples with and without spin-label 
using standard Bruker software 2D MLEV17 fOCSY spectra (Bax & Davis, 1985, 
Gnesinger et al , 1988) we orded in the phase-sensitive mode using the T P P I 
method (Redfield & Kunz, ¡ r , Marion & Wu '¡rich, 1983) The carrier was placed 
at the water resonance ¿he H 2 0 signal was suppressed by continuous irradiation 
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during the relaxation delay of 1 5 s The experiments were performed at 313 К The 
spectral width was 12 ppm for nisin/SDS and 15 ppm for nisin/DPC samples in 
both dimensions, the number of data points amounted to 400-to-512 in t] and 2048 
in t 2 , the number of scans was typically 32 The mixing times were 25 and 22 ms 
for nisin/SDS and nisin/DPC, respectively 2D MLEV17-TOCSY experiments were 
performed with H 2 0 /
2 H 2 0 (9 1) and 2 H 2 0 samples The spin-label concentrations 
of the samples were in the range of 0 2-0 4 raM The data were processed on an 
Aspect3000 computer A —shifted sine bell apodization was used in both dimen­
sions 2D relative-difference spectra were obtained by subtracting TOCSY specta 
recorded for samples with and without spin-label, using home-written software, on 
a Bruker Aspect3000 computer Relative differences were obtained as / = ""ƒ* F, 
where I is the peak height in the relative-difference spectrum, Ia is the peak height 
in the spectrum recorded for a sample without and Ip with spin-label, ƒ is the fac-
tor used to scale the latter TOCSY spectrum To determine ƒ, rows and columns 
of the 2D spectra including peaks not affected by the spin-label were extracted 
The optimal factor is determined using standard Bruker software by optimizing the 
nilhng of the unaffected resonances in the difference spectrum of the extracted rows 
and columns Because noise signals can give rise to artifacts in relative difference 
spectra, peak heights below a chosen level were not taken into account 
6.3.5 NMR spectroscopy of nisin with protonated micelles 
Samples contained 4 mM nisin and a 25-fold excess of ^ - S D S or 'H-DPC in 0 5 
ml H 2 0 / 2 H 2 0 (9 1) at pH 3 5 NOESY spectra (Jeener et al , 1979, Bodenhausen 
et al , 1984) with a mixing time of 500 ms were recorded at 298 and 313K on a 
Bruker AMX600, operating at 600 MHz and interfaced to a Bruker Aspect X32 
computer Acquisition was essentially the same as described above for the TOCSY 
spectra The solvent was also irradiated during the mixing time The number of 
scans was 64 Processing of the data was performed on a Bruker Aspect X32 com-
puter Prior to Fourier transformation a |-shifted sine bell apodization was applied 
in both dimensions and in the t! direction the data were zerofilled to 1024 Baseline 
corrections were necessary and were performed after Fourier transformation 
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6.3.6 3 1 P N M R spectroscopy of phospholipid liposomes 
Sample preparation was as described previously (Van Echteld et al , 1982) Dioleoyl-
phosphatidylcholine (PC) and dioleoylphosphatidylglycerol (PG) were dissolved in 
chloroform at 20 mg of lipid/ml The lipid solution (1 ml) was mixed with 0 5 ml 
of a solution containing 9 mg of nisin dissolved in methanol, or 4 mg of gramicidin 
D dissolved in chloroform/methanol (1/1, v/v) The polypeptide to lipid ratio 
was about 1 10 Solvent was evaporated under a stream of nitrogen, and samples 
were further dried under vacuum for 3 hours Lipid mixtures were allowed to swell 
overnight in 0 5 ml of 50 mM potassium acetate, pH 5 0, with 10% 2 H 2 0 , and were 
subsequently vortexed in the presence of glass beads 
3 1 P NMR spectra were recorded at 161 97 MHz on a Bruker AM400 spectrometer 
interfaced to an Aspect3000 computer The temperature was 298K Spectra were 
proton decoupled by composite-pulse decoupling The spectral width was 200 ppm, 
the number of datapoints was 8192, the number of scans was 2048, and the relaxation 
delay was 1 s The free induction decay was multiplied by an exponential function 
with a line broadening of 50 Hz Spectra were referenced to external 85% H3PO4 
diluted with 10% 2 H 2 0 
6.4 Results and Discussion 
6.4.1 General remarks 
The data presented in this chapter are interpreted on the basis of the 3D struc­
tures of nisin when complexed to membrane-mimetic micelles of DPC or of SDS 
that are described in chapter 5 and in (Van den Hooven et al , 1995) Two struc­
tured domains are found, a structured N-terminal domain encompassing the first 
three lanthionine rings А, В and C, when nisin is bound to DPC, or the first two 
or three lanthionine rings when nisin is bound to SDS micelles This domain is 
connected (via a hinge region) to a structured C-terminal domain encompassing the 
residues Lys22 to
 s
Ala28, involving three consecutive overlapping /3-turns which in­
clude the two intertwined lanthionine rings D and E Although the regions flanking 
the two domains show structural variability, a tendency for extended structures has 
been observed The molecule is amphipathic in two ways First, the charged and 
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hydrophihc amino acids are mainly located in the C-terminal half of the molecule, 
whereas the majority of the residues in the N-terminal half is hydrophobic and only 
a single charged residue, Lysl2, is present Secondly, both of the aforementioned 
domains have a hydrophobic and a hydrophihc side 
6.4.2 Miscellaneous observations point at a surface location 
A number of initial observations indicated that nisin is localized at the surface 
of DPC and of SDS micelles First, the line widths of 1 3 C resonances of DPC 
and SDS near the polar head-group are (slightly) increased upon addition of nisin, 
whereas there is almost no effect on resonances from the micellar center Second, 
amide proton exchange measured for nisin in both micellar systems, by dissolving 
a protonated sample in 2НгО and following the loss of intensity of the NH proton 
signals, is still quite fast After an hour only a few NH resonances can be observed 
Although for most of the amide protons for which the exchange could be followed, 
the process is slower than was observed for nisin in aqueous solution, no part of the 
polypeptide is completely protected by the micelles against exchange of its amide 
protons, indicating that the lantibiotic is not buried in the micelle Third, for 
nisin/SDS, the pK
a
 of both His27 and His31 is 7 5, whereas for nisin in water 
and nisin complexed to DPC micelles the pK
a
 of both histidines is 6 5 (Van den 
Hooven et al , 1993) (see chapter 4) The pK
a
-shift observed for the nisin/SDS 
system can be explained by the electrostatic effect of adjacent negatively charged 
sulphate groups (Sachs et a l , 1971), indicating that the histidine side chains reside 
at the micellar surface Fourth, the line widths of proton resonances of nisin in 
both micellar systems are smaller than theoretically expected for a nisin/micelle 
complex of about 15 kDd (see chapter 5), which again is indicative of additional 
flexibility, allowed by surface interactions of nisin with the micelles A difference in 
hnewidth has been observed for resonances of the central rigid micelle-spanning helix 
and of the less rigid surface-located helix of the major coat protein of bacteriophage 
M13 (Van de Ven et a l , 1993) Fifth, the observed structural variability in the NOE-
derived structure of nisin in the presence of DPC and of SDS micelles is probably 
caused by flexibility (see chapter 5) and renders a trans-micellar orientation unlikely 
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6.4.3 Nisin-detergent NOEs evidence complexation 
A possible interaction of nisin and micelles might be detectable via direct NOE 
contacts between nisin and protonated detergent molecules Therefore NOESY ex-
periments were performed at 313 K, the temperature at which the data for the 3D 
structure elucidation was obtained To observe intermolecular NOEs it was neces-
sary to change the nisin detergent ratio from 1 30-40 to 1 25 Furthermore, the 
experiments were conducted at 600 MHz and a long mixing time of 0 5 s was chosen 
to increase NOE intensities A distinction between intramolecular nisin and ínter-
molecular nisin-detergent NOEs could be made by comparing NOESY spectra in the 
presence of protonated and of perdeuterated micelles Additional information was 
obtained from a NOESY spectrum recorded at 298 K, where some overlap problems 
encountered at 313 К could be resolved NOEs were observed between nisin and 
detergent resonances (see Figure 6 2) in the part of the spectrum downfield from 
the residual water signal, whereas this was precluded in the region upfield of the 
water signal due to overlap problems The resonance positions of the 1H resonances 
of DPC and SDS are given in Figure 6 3 
Quite a number of intermolecular NOEs were observed, which clearly demon­
strate complexation between nisin and the micelles Of the detergent resonances 
those overlapping at about 1 3 ppm gave the strongest NOEs to resonances of nisin, 
but also cross-peaks from detergent resonances at the micellar surface to nisin reso 
nances were observed, in two cases connectivities to the methylgroup of the dodecyl 
chain were seen The intensities of the nisin-detergent NOEs differ clearly The mi­
celles are dynamical aggregates Individual detergent molecules can change places, 
can move along the diameter of the micelle and can swing up and down (Godici L· 
Landsberger, 1974, Menger L· Doll, 1984) Also nisin is still flexible (see chapter 5) 
and its depth of immersion into the micelles may vary slightly in time This explains, 
together with spin diffusion, that a number of detergent resonances give NOEs to 
nisin resonances, though to a different extent As an example, in Figure 6 2 it can 
be seen that the H^ protons of Dha5 give relatively strong NOEs to the overlapping 
resonances of DPC, whereas those of Dhb2 and Dha33 are weak Although the 
results obtained for both systems are not completely identical because of different 
overlap problems, it can be concluded that the relatively strong NOEs observed are 
from nisin protons distributed over the whole polypeptide sequence and located at 
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Figure 6.2: Intermolecular NOEs between msin and protonated DPC in a part of a 600 
MHz NOESYspectrum of nism/DPC, recorded with a mixing time of 500 ms, at 313 К and 
pH 3.5. The numbers in the NOESY spectrum refer to residue positions in msin. Cross-
peaks can be seen from ff" protons of the α,β-unsaturated ammo acids, Dhb2, Dha5 and 
Dha33 (along the horizontal axis) to other nisin resonances and to the lH-DPC resonances 
15, 6-Ц and 5 (numbering along the Fl axis, see Figure 6.3). A comparison of NOESY 
spectra recorded for samples with protonated and with perdeuterated DPC shows that the 
cross-peaks from the resonances of the # " protons of Dha5 to the resonance 5 of DPC and 
to the resonance of the H1 proton of Leu6 are indeed two cross-peaks. Relatively strong 
NOEs between nisin and protonated DPC are observed for the H^ resonances of Dha5 and 
the corresponding residue numbers of the cross-peaks are boxed 
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Sodium dodecylsulphate (SDS) 
CTJSO-CH!-CH!-CH2-CH2-CHJ-CHI-CH!,-CHrCHrCHJ-CH!-CHJ 
.. „ „, 1 2 3 4 5 6 7 В 9 10 11 12 
, Э
С Chemical shift I I 
Ρ 700 297 262 305-300 32 6 23 2 144 
Ή Chemical shift I I 
^ ^ ^ ^ 4 03 1 68 1 31 1 38 О ΒΘ 
Dodecylphosphocholine (DPC) 
(CHjJj-NîCHj-CH^O-fPO^-O-CH.-CH^CH^CH^CHrCHrCH^CH^CH^CK-CH^CH, 
1 2 3 4 5 6 7 β 9 10 11 12 13 14 15 
, 3C Chemical shift I I 
— ^ - ^ 5 5 5 67 6 60 6 67 4 32 0 27 0 312-30 7 33 3 23 9 15 1 
Ή Chemical shift I I 
— ^ - ^ 3 23 3 65 4 25 3 61 162 1 2 9 1 3 5 О Θ7 
Figure 6.3: Structures of the anionic sodium dodecylsulphate and the zwttter-ionic dodecyl­
phosphocholine with numbering of carbon and hydrogen atoms. The 1 3C NMR spectra of 
SDS and DPC have been partially assigned (Kragh-Hansen & Rnsom, 1976; Brown et al., 
1981). Based on chemical shift data, e.g. (Birdsall et al., 1972), multiplet structure and 
spin-decoupling experiments we assigned a few more l3C resonances and the complete XH 
NMR spectra of SDS and of DPC. The chemical shifts m this figure are given in ppm. 
Overlapping resonances are indicated by brackets. 
the hydrophobic sides of the two structured domains in correspondence with the 
results obtained in the spin-label experiments (vide infra). 
6.4.4 Spin-labeled probes incorporated in micelles 
The micelle-inserted parts of nisin can be probed with intramicellar spin-labels, for 
which the position in the micelle must be known. We checked the incorporation of 
the two spin-labeled 5- and 16-DOXYL-stearic acids in micelles of DPC and of SDS 
through observation of a broadening of the ESR lines of the nitroxide spin-labels 
(increase in the rotational correlation time) and a decrease in the hyperfine split­
ting (see Tabic 6.1). The hyperfine splitting is dependent on the polarity of the 
environment of the spin-label and decreases upon a change to a less polar environ­
ment (Berliner, 1976). A similar approach has been used for DPC micelles (Brown 
et al., 1981) The micelles were found to consist of 30-50 detergent molecules as 
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determined from the detergent concentration dependence of the widths of the ESR 
lines of the nitroxide radicals, as previously described (Brown et a l , 1981) Also in 
the presence of nisin the spin-labels are incorporated into micelles, which consist of 
30 50 detergent molecules (data not shown) 
The paramagnetic spin-label probes induce in the NMR spectrum line broaden­
ing of the resonances of nuclei in their vicinity This effect was used to determine the 
position of the spin-labels of the 5- and 16-DOXYL-steanc acids in the micelles by 
recording 1 3 C NMR spectra at natural abundance The resonance positions of the 
1 3 C resonances of DPC and SDS are given in Figure 6 3 It is noted in passing that 
the average number of spin-labels per micelle in our samples is smaller than one, so 
that interactions between spin-labels can be neglected The line broadening caused 
by 5-DOXYL-steanc acid was most pronounced for the detergent resonances of 1 3 C 
atoms located near the polar head-groups, whereas the effect of 16-DOXYL-steanc 
acid was the largest at the apolar end of the carbon chain (data not shown) Similar 
results have been obtained for other micellar systems (Brown et al , 1981, Mendz 
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et al., 1988; Mendz et al., 1991; Papavoine et al., 1994) Qualitatively speaking, 
these results indicate that the nitroxide moiety of 16-DOXYL-stearic acid is most of 
the time near the center of the micelles, whereas the label of 5-DOXYL-stearic acid 
is on average close to the surface, i.e. near the phosphate groups of DPC and just 
underneath the sulphate of SDS. There is no fixed position of the spin-labels in the 
micelles; the space in which a spin-label is most likely to be found is larger for 5-
than for 16-DOXYL-stearic acid, because of a larger average distance to the micellar 
center. As a consequence, the time-averaged distance to an individual detergent 13C 
nucleus is larger for 5-DOXYL-stearic acid, which explains that the largest broad-
ening effect was observed for 16-DOXYL-stearic acid. The spin-labels can also move 
along the diameter of the micelles, can swing up and down (Godici & Landsberger, 
1974; Menger & Doll, 1984), which explains that all the 13C detergent resonances 
are broadened, though to a different extent 
The addition of nisin does not significantly alter the effect of the spin-labels 
on the 13C resonances of DPC and SDS, indicating that the relative orientation 
of the spin-labeled molecules within the micelles does not appreciably change. The 
nisin/detergent aggregate can be regarded as a complex with a typical micellar orga-
nization. These results formed the basis for the following studies on the interaction 
between nisin and the spin-labeled micelles 
6.4.5 Spin-labels demonstrate a surface location of nisin 
Using the two different spin-labels, intra- and extra-micellar locations can be de-
termined. Using the same spin-label approach the polypeptide-hormone glucagon 
and the bee-venom constituent melittin were found to bind to the surface of DPC 
micelles (Brown et al., 1981; Brown et al., 1982). Studies of the myelin basic pro-
tein indicated that also this molecule is located primarily near the surface of DPC 
and of mixed DPC/palmitoyllysophosphatidic acid micelles (Mendz et al , 1984; 
Mendz et al., 1988; Mendz et a l , 1990; Mendz et al., 1991). A different situation 
was encountered for the major coat protein of bacteriophage M13: this protein is 
composed of a long hydrophobic helix that traverses the SDS micelle and a shorter 
amphipathic helix that is situated on the surface of the micelle (Papavoine et al., 
1994). In the present study the homonuclear spectra with and without spin-label 
are analyzed by relative-difference 2D spectra instead of ID NMR, which allows for 
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a larger number of resonances to be investigated unambiguously 
The two different spin-labels induce specific line-broadening effects in the ' H 
NMR spectrum of msin in the presence of DPC and of SDS These labels do not 
change the chemical shifts, indicating that they have little or no effect on the confor­
mation of nisin A spin-label concentration of 0 2 to 0 4 mM was found to be most 
appropriate for optimal, strong and specific, broadening effects in the spectrum of 
3 mM nisin samples The line broadening was estimated from the peak height in 
relative-difference spectra (see Figure 6 4) obtained by subtracting 2D MLEV17-
TOCSY spectra recorded for samples with and without spin-label The resonances 
of the α,/3-unsaturated amino acids did not give rise to cross-peaks in the TOCSY 
spectra, but were well resolved in the ID NMR spectrum For these resonances the 
spin-label-induced line broadening was evaluated from a ID difference spectrum In 
the 2D TOCSY difference spectra the influenced protons are traced back via the ob­
served cross-peaks If a majority of the cross-peaks, stemming from a given proton, 
showed up in the relative-difference spectra a line broadening effect was attributed 
to that particular proton 
The effects of both spin-labels on nisin/DPC and on nisin/SDS were the same 
The 5- and 16-DOXYL-steanc acids essentially affect the same nisin resonances, al­
though 5-DOXYL-steanc acid is more effective in the sense that at a given concen­
tration for several resonances the broadening is stronger than for 16-DOXYL-steanc 
acid and 10-15% of the resonances affected by 5-DOXYL-steanc acid are not in­
fluenced by 16-DOXYL-steanc acid The resonances of the following residues are 
broadened Ilei, Dha5, Leu6, Alal5, Leul6, Metl7, Met21, Ala24, Ala£25,
 s
Ala28, 
Ser29, ПеЗО, His31, Val32, Dha33 and Lys34 For GlylO only a few cross-peaks with 
low intensity were observed in the TOCSY spectra hampering the evaluation of the 
data for this residue The strongest effects, ι e the highest extent of line broad­
ening, are observed for the residues Ilei and ПеЗО to Lys34 The protons giving 
rise to broadened resonances are distributed over the whole, more or less extended, 
molecule and are not confined to a limited region of the molecule These and other 
observations (see above) are interpreted in terms of a model in which nisin is local­
ized at the surface of both DPC and SDS micelles 
The positions of the protons of which the resonances are broadened by 5-DOXYL-
stearic acid are indicated (see Figure 6 5) in the 3D structure of nisin complexed to 
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Figure 6.4: Effect of the spin-labeled molecule 5-DOXYL-stearic acid on the NMR spec­
trum of ntsin/DPC. (a) NH-Ha region of a TOCSY spectrum of nism/DPC, recorded 
with a mixing time of 22 ms, at 313 К and pH 3.5, and (b) corresponding region of the 
relative-difference spectra with 5-DOXYL-steanc acid (see Materials and Methods section). 
The numbers refer to residue positions in nism. The contouring m the relative-difference 
spectrum starts at 30% with increments of 10% Intensities observed in the difference spec­
trum at the edges of the peaks in the corresponding TOCSY recorded with a sample without 
spin-label (e.g. for GlyH) are not interpreted as spin-label induced effects. Spurious peaks 
resulting from noise can be seen in the difference spectrum as intense diamond-shaped 
cross-peaks at positions where no nisin peaks are expected. Most of these noise-induced in­
tensities occur in the Tl-noise bands at the positions of the resonances of the ring protons 
of His27 and of HisSl. 
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Figure 6 5 Protons of which the resonances are broadened by micelle-inserted 5-DOXYL-
stearic acid are indicated by spheres in fragments of a representative structure of nism 
complexed to DPC micelles (see chapter 5) of (a, b) the residues Ilel-to-Asn20 and of (c) 
Met21-to-Lys34 The different views on the fragment Ilel-Asn20 in the subfigures (a) and 
(b) are obtained by a rotation of 90° The N- and C-termmal halfs of the msm molecule 
are shown from different viewpoints for optimal views on the different ring systems The 
backbone is indicated by a thick line The odd-numbered residues are labeled at their Ca 
atom The structure was drawn with the program MolScript (Krauhs, 1991) 
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broadened resonances information about the orientation of the molecule on the sur­
face of the micelles is obtained In the structured N-terminal domain comprising 
the residues Alas3 to sAlal9 all hydrophobic residues except Ile4 are influenced by 
the spin-labels The affected protons reside on one side of this amphipathic domain 
(see Figure 6 5b), meaning that the hydrophobic residues are immersed below the 
charged surface of the micelles In the structured C-terminal domain encompassing 
the residues Met21 to sAla28 the amino acids Lys22, Alag23, sAla26 and His27 are 
on one side and Met21, Ala24, А1а£25 and sAla28 on the other side The latter 
are much more influenced by the spin-labels than those on the other side (see Fig-
ure 6 5c) This suggests that as for the N-terminal domain, the hydrophobic side 
of the C-terminal domain is immersed in the hydrophobic interior of the micelle, 
whereas the more hydrophihc side of this part of the molecule resides at the charged 
surface The global picture that emerges from these observations is that nisin is lo-
calized at the surface of the micelles and oriented such that the hydrophobic residues 
are immersed below the surface, whereas the more polar or charged residues have 
an outward orientation (see Figure 6 6) 
The results obtained from the NOESY experiments are in line with those of 
the spin-label experiments, which suggests that the DOXYL-steanc acids have no 
major influence on the interaction between nisin and the micelles, justifying the use 
of these paramagnetic probes Overlap problems are much less severe in the spin-
label approach, where also the aliphatic spectral region can be utilized to derive 
information This renders it much more suitable for the study of the interaction 
between polypeptides and micelles than the polypeptide-detergent NOEs 
6.4.6 Temperature coefficients indicate solvent shielding 
Now that both the conformation (see chapter 5) and the location of nisin com-
plexed to DPC and to SDS micelles is known, we can attempt to interpret the 
temperature coefficients Amide proton temperature coefficients are indicative of 
hydrogen bonding and/or of shielding from the solvent These coefficients have 
been calculated from the assignments at different temperatures for nisin in aqueous 
solution (Slijper et al , 1989) and in micellar systems (Van den Hooven et al , 1993) 
(see chapter 4) and are shown in Figure 6 7 The magnitudes of the amide-proton 
temperature coefficients are nearly the same for nisin complexed to DPC and to 
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Figure 6.6: Schematic représentation of the interaction of nisin with a SDS micelle. Nine 
SDS molecules with extended conformation wer.e placed to form a circular array to rep-
resent a micelle. One representative structure of nisin (see chapter 5) was positioned at 
the surface of the micelle. The N-termmus of nisin is at the upper left corner, whereas 
the C-terminus is at the upper right corner. For the N-terminal structured domain the 
side, chains of Leu6 and Leul6 are the deepest immersed into the micelle, whereas the side 
chain of Lysl2 is protuding outwards. 
SDS micelles. Two large differences of about -8 ppb/K are observed between nisin 
in water and in the micellar systems, strikingly for both dehydroalanines. For Dha5 
this can be explained by a different conformation of the flanking (trans) peptide 
bonds which flipped by almost 180° when transferred from water to a membrane-
like environment (see chapter 5). There are no indications that the conformation 
of the C-terminus, including Dha33, in water differs from that in the micellar sys-
tems, and in all three systems no hydrogen bonds were observed for the residues 
Ser29-Lys34. The NH resonances of the five consecutive residues Ile30-to-Lys34 all 
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Figure 6 7 Amide proton temperature coefficients (in -ppb/K) of nism in aqueous solution 
(+), and complexed to SDS (O) and to DPC (o) micelles versus the residue number The 
positions of the rings A-to-E are indicated 
m aqueous solution These coefficients are medium-ranged for msin in the micellar 
systems and the corresponding amide protons are not the slowest exchanging NH 
protons Our explanation of this difference in temperature coefficients is that the 
піып amide protons of the residues Ile30-Lys34 are in the micellar systems more 
shielded from the solvent than in aqueous solution, which is caused by an interac­
tion with the micelles This is in correspondence with the spin-label experiments, 
where the largest induced line-broadening effects were observed for lesonances of 
the C-terminal residues Ser29-Lys34, proving that this sequence is in close contact 
with the micelles 
6.4.7 Model of pore forming activity 
In current models on the mechanism of action of nism it is assumed that it forms 
transient multiState pores in the cytoplasmic membrane of the target cell (Sahl, 
1991, García Garcerá et al , 1993, Driessen et al , 1995) The first step in the 
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formation of these pores is the binding of nisin to the membrane, where nisin is 
supposed to adopt an amphipathic conformation upon contact with the membrane, 
which contacts are primarily based on ionic forces (Sahl, 1991) The binding step 
is followed by aggregation and membrane-potential dependent insertion The order 
of the latter two events is not known In the pores the nisin molecule is thought 
to be amphipathic and oriented with its hydrophobic side towards the membrane 
and with its hydrophihc side towards the water-filled channel The amphipathicity 
has been demonstrated for nisin in aqueous solution (see chapter 2 and (Van de Ven 
et a l , 1991)) and for nisin complexed to membrane-mimetic micelles (see chapter 5) 
Opinions differ with regard to the orientation of nisin with respect to the mem­
brane in the binding step It has been conceived that the charged and polar residues 
contact the membrane surface, while the hydrophobic side remains exposed to wa­
ter (Sahl, 1991) If we take the binding to the micellar systems studied here as a 
model for membrane binding we prefer the opposite view with the polar residues at 
the surface and the hydrophobic residues immersed into the membrane 
The N-terminal half of the nisin molecule contains mainly hydrophobic residues, 
the most hydrophobic ones are immersed into the micelles For this half of the 
molecule hydrophobic interactions are likely to dominate the nisin-micelle contacts 
The C-terminal half is much more hydrophihc and again the hydrophobic residues 
of the structured domain are immersed into the micelles, whereas the polar and 
charged residues reside at the charged surface For this part of the nisin molecule 
both hydrophobic and electrostatic interactions are likely to be involved in the nisin-
micelle contacts The interactions with the micelles are strongest for the C-terminal 
residues Ser29 Lys34 as determined from the spin-label experiments as the strongest 
spin-label induced line-broadening effects This is corroborated by the temperature 
coefficients, which suggested that the amide protons of the residues ПеЗО Lys34 are 
shielded from the solvent by the micelles (see above) 
The antimicrobial activity of nisin has been found to be influenced by the phos­
pholipid composition (Gao et a l , 1991, Garcia Garcera et al , 1993, Driessen et a l , 
1995) Different activities were observed for liposomes composed of phosphatidyl­
choline (PC) or phosphatidylglycerol (PG) (Driessen et a l , 1995) It has been sug­
gested that nisin induces the release of nonbulky anionic fluorescent indicators from 
phosphatidylcholine liposomes possibly as an anion carrier, an activity which can 
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be enhanced by a trans-negative membrane potential (Αψ) This activity is not ob­
served for PG liposomes Nisin associates with the anionic surface of PG liposomes, 
and disturbs the lipid dynamics near the phospholipid polar head-group water inter­
face in the absence of a Αψ For example, nisin is able to change the typical bilayer 
3 1
Ρ NMR spectrum of liposomes composed of anionic PG but not of liposomes com­
posed of zwitter-ionic PC (see Figure 6 8) This process is not directly responsible 
for pore formation since there is no general loss of the permeability barrier or in­
tegrity of the membrane Nisin requires a threshold Αψ for pore formation in PG 
liposomes The activity of nisin with PG liposomes has been proposed to resemble 
the in vivo activity more closely than that of nisin with PC liposomes (Dnessen 
et al , 1995) In contrast, the conformation (see chapter 5), location and orientation 
of nisin relative to the micelles are similar for both zwitter-ionic and anionic deter­
gents, suggesting that binding to bilayers composed of different lipids will not affect 
the 3D structure of nisin nor its orientation relative to the membrane A tighter 
interaction between nisin and anionic lipids than between nisin and zwitter-ionic 
lipids may be the explanation Indeed, it has been suggested that nisin interacts 
in a different manner with PC and PG liposomes (Dnessen et al , 1995) Evidence 
for a tight interaction between nisin and PG liposomes has been obtained (Dnessen 
et al , 1995) 
In order to be able to form pores the cationic nisin requires a trans-negative 
membrane potential (Sahl et a l , 1987, Dnessen et a l , 1995), which forces the 
molecule in a state which renders the membrane leaky Evidence was obtained 
that nisin can traverse the membrane of liposomes composed of zwitter-ionic phos­
phatidylcholine (Dnessen et a l , 1995) It is conceivable that anionic phospholipid 
head-groups interact with the surface-bound cationic nisin and prevent a deep pene­
tration of nisin in the membrane in the absence of a Αψ It is tempting to speculate 
that a trans-negative membrane potential above a certain threshold pulls the nisin 
molecule with surrounding anionic lipids in a trans-membrane orientation (see Fig­
ure 6 9 and (Dnessen et a l , 1995)) with the hydrophilic side of nisin and the attached 
lipid head-groups facing the center of the water-filled pore and the hydrophobic sur­
face of nisin and the fatty acid chains of the lipids pointing to the lipid bilayer Both 
the polar sides of the cationic nisin and the anionic lipids face the lumen of the pore, 
which explains the observed nonselective efflux (Ruhr <k Sahl, 1985, Kordel L· Sahl, 
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Figure 6.8' 31P NMR of dwleoylphosphatidylglycerol (PG) and dioleoylphosphatidylchohne 
(PC) liposomes m the presence of msm and gramicidin D 3lP NMR spectra of aqueous 
dispersions of (A) PC, (B) PG, (C) nisin and PC, (D) nisin and PG, (E) gramicidin D 
and PC, and (F) gramicidin D and PG. The polypeptide to lipid ratio was about 1:10 
As reported before (Van Echteld et al., 1982), gramicidin induced a significant change of 
the 3l Ρ NMR spectrum both with PC and PG liposomes, typical for a bilayer-to-hexagonal 
phase transition. Combination of the data shows that the results are indicative of a per­
turbation of the bilayer structure of PG by msm. 
1986; Sahl, 1991) In such a (tentative) pore nisin is located on a highly curved 




In ring A 
Figure 6.9: Model for the pore formation by nisin (see also (Driessen et al, 1995)). A 
representative structure of nisin in aqueous solution (see chapter 2 and (Van de Ven et al., 
1991)) is shown at the top, in the middle and in the bottom figure representative structures 
determined for msm/DPC (see chapter 5) are presented. The first step is the binding of 
nisin to the membrane. During this process the conformation of ring A, around Dha5, is 
changed (see chapter 5). The hydrophobic sides of the two structured domains, which are 
in contact with the micellar model systems, are assumed to be m contact with the planar 
membrane. Driven by a trans-negative membrane potential, nisin is forced into a state 
which renders the membrane leaky. Nisin is assumed to be pulled into the membrane as 
depicted at the bottom of the figure. The structure of nisin changes only in the putative 
flexible hinge region. The orientation relative to the lipid head-groups is unchanged The 
positively charged C-termmus of nisin is, together with attached lipids, drawn across the 
membrane m response to a trans-negative Αψ. 
that nisin can be situated on such a curved surface. Within this model the presence 
of a flexible hinge region between the two structured domains proposed for nisin 
in aqueous solution (see chapter 2 and (Van de Ven et al., 1991)) and complexed 
to micelles (see chapter 5) can be rationalized, since in the membrane-bound state 
122 
Location and orientation of nisin bound to micelles 
the nisin molecule is probably elongated, whereas it has to be more bend in the 
'inserted' state During the proposed 'insertion' process the orientation towards the 
lipids does not change, whereas in other models (Sahl, 1991, García Garcerá et a l , 
1993) the interactions between cationic nisin and the lipid head-groups have to be 
broken to let the nisin molecule slide into the hydrophobic core of the membrane 
6.4.8 Related lantibiotics and nisin mutants 
A comparison with related polypeptide sequences has been performed in order to 
investigate whether the effects that amino-acid substitutions have on the bactericidal 
activity are compatible with our model Up to now about 25 lantibiotics, subdivided 
in types A and B, are known (Jung, 1991, Bierbaum L· Sahl, 1993, Sahl et a l , 
1995) Lantibiotics of the first type, including nisin, act primarily by membrane 
perturbation, while those of the other type appear to inhibit enzyme function The 
type-Α lantibiotics nisin, subtihn, epidermin and galhdermin are considered because 
they act according to a similar mechanism and because of the structural homology 
The type-Α lantibiotic subtihn (Gross et a l , 1973) bears a strong similarity to 
nisin the sequence identity between the two proteins amounts to 60% the number 
of lanthionine rings is the same and they are at identical positions in the proteins 
(see Figure 6 10) The structure of subtihn in aqueous solution has been determined 
using NMR spectroscopy and has been suggested to be similar to that of nisin (Chan 
et al , 1992) In view of the results obtained above for the location and orientation 
of nisin with respect to the micelles it is interesting to consider possible differences 
in hydropathy (Kyte k. Doohttle, 1982) for the substituted residues Large changes 
occur for the residues at positions 2, 4, 12, 17, 20 and 29, indicated by the thick 
double-end arrows in Figure 6 10 Apart from residue 17 and 29, these residues 
are, as evidenced by the spin-label approach, not in contact with the micelles but 
arc exposed to water Resonances of Metl7 were influenced by the spin-labels 
However, for nisin/DPC the side chain of Metl7 is pointing in the direction of the 
residue Alali 13, which has an outward orientation Since the lengths of the side 
chains of Met and Gin are the same it is likely that the hydrophilic group of Gin in 
subtilin resides at the surface Residues His31 and Val32 in nisin have no equivalent 
in subtihn and we assume that the presence of a lysine residue at position 29 in 
subtilin compensates for the loss of the charged His31 'Conservative' substitutions 
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Subtilin 
Figure 6.10: Comparison of the primary structures of the ¡antibiotics nisin and subtilin. 
See the legend of Figure 6.1 for the one-letter code of the unusual ammo acids. Dotted lines 
mark the region of nisin where a two-residue deletion is found m subtilin Substitutions 
of hydrophobic by hydrophihc residues or vice versa are indicated by thick double-end ar-
rows, substitutions of hydrophobic by hydrophobic residues or of hydrophihc by hydrophihc 
residues are indicated by thin double-end arrows The residues of nisin, which are im-
mersed in the micelles as determined via the spin-label approach, are indicated in grey 
boxes. Note that the hydrophobic-to-hydrophilic substitutions occur for the residues which 
are not immersed m the micelles. An apparent exception seems to be Metl7, but the side 
chain of this residue points in the direction of the residue Ala*s13 (see chapter 5), which 
is just outside the micelle. The conspicuous substitutions are observed for water-exposed 
residues гп nisin and are thus compatible with our model (see text) 
of hydrophobic by hydrophobic residues or of hydrophihc by hydrophihc residues 
are indicated by thin double-end arrows in Figure 6.10 and are thought to have no 
major effect on the process of membrane interaction. Thus, the differences are such 
that the membrane interaction surface as found for nisin is conserved in subtilin. 
The contribution of individual amino acids to the biological activity can be 
studied with the aid of nisin mutants A natural nisin variant with an Asn at 
position 27 instead of a His (Mulders et a l , 1991) and two nisin double mutants 
Metl7Gln/Glyl8Dhb and Metl7Gln/Glyl8Thr (Kuipers et al., 1992) have almost 
the same activity as wild-type nisin (De Vos et al., 1993; Kuipers et al., 1992). This 
is in line with the preceding discussion, the involved residues are not expected to 
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interact with the micelles except for residue Metl7 (but see discussion above and 
the legend to Figure 6 10) In this respect it is also noted that mutagenesis of Dha5 
to Ala in subtihn had no effect on the ability to inhibit and lyse vegetative cells, 
though an intact Dha5 residue appeared critical for spore outgrowth inhibition, 
which apparently occurs by a different mechanism (Liu L· Hansen, 1993) 
Degradation of nisin at Dha5 can result in an opening of the first ring leaving the 
hydrophobic residues 4 and 6 much more polar (Chan et al, 1989, Rollema et al, 
1991) The observed drop in activity may be ascribed to hampered membrane 
interaction 
The first eleven residues of the type-A lantibiotics gallidermin and epidermin, 
including the rings A and B, resemble those in nisin and subtihn The sequence for 
the first eleven residues of gallidermin is 
ι
 s
 ι ι ~
s
 1 
Ilei Ala2-Ala3-Lys4-Phe5-Leu6-Ala7-Ala*8-Pro9-Gly 10-Alal 1, 
the sequence of epidermin is identical to gallidermin with the exception of an He 
at position 6 Compared to nisin, in this part of the sequence of gallidermin three 
residues are different Dhb2 vs Ala, Ile4 vs Lys and Dha5 vs Phe (the first men­
tioned residues are in nisin) An extra difference is encountered between nisin and 
epidermin, namely a Leu or an He at position 6 Only the lysine residue at position 
4 causes a dramatic change in hydropathy However, in nisin this residue was shown 
not to be in contact with the micelles It is therefore very likely that this marked 
difference does not influence the binding of the lantibiotic to the membrane as 
far as the first eleven residues are concerned the membrane interaction surfaces of 
gallidermin and epidermin are thus highly similar to that of nisin 
6.4.9 Conclusions 
In combination with our work on the conformation of nisin in aqueous solution 
(see chapter 2 and (Van de Ven et al, 1991)) and when complexed to micelles (see 
chapter 5) the binding to micelles can be described in detail The micellar systems 
are considered to model the first step in the mechanism of action of nisin, which 
step is the binding of nisin to the cytoplasmic membrane of target bacteria De 
tailed information on this initial binding step is obtained and an extension of the 
model for pore formation (Dnessen et al , 1995) is proposed In aqueous solution the 
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Alal9 and Lys22-to-sAla28, connected via a peptide segment which shows 
structural variability that is most likely caused by flexibility The molecule binds 
parallel to the membrane surface, where its amphipathicity is retained Upon bind­
ing, the conformation is changed significantly in the first ring around the important 
residue Dha5, where two (trans) peptide bonds flip Still structural variability is 
observed for the region connecting the two structured domains The molecule is im­
mersed with its hydrophobic residues in the bilayer, whereas the hydrophihc residues 
are at the surface in contact with lipid head-groups or just outside the membrane 
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During evolution living organisms have developed mechanisms of defense Bacteria 
produce various antagonistic compounds, such as acids, peroxides and bactenocins, 
against competing microflora The interest in the field of bactenocins is expand­
ing, as is the number of bactenocins, because of their potential use as therapeutic 
agents or food preservatives One of the best studied bactenocins is nisin, but its 
precise mechanism of action is poorly understood This polypeptide, produced by 
Lactococcus lactis subsp lactis, is the first bactenocin of lactic acid bacteria that 
has found commercial application in food processing and fermentations, for example 
in the dairy industry It contains the unusual residues dehydroalanine, dehydrobu-
tynne, lanthionine and 3-methyllanthionine The latter two are each two thio-ether 
bridged amino-acid residues, resulting in ring structures in the molecule In addition 
to nisin other antimicrobial lanthionine-containing polypeptides are known, which 
collectively have been termed lantibiotics, the prototype is nisin It exerts its an­
timicrobial activity by the formation of transient multistate pores in the cytoplasmic 
membrane of sensitive bacteria This process is dependent on a membrane potential 
of sufficient height The lipid composition of the membrane influences the antimi­
crobial activity The work described in this thesis concerns the spatial structure 
determination, as derived via NMR spectroscopy, of nisin in aqueous solution and 
in environments simulating its target site, ι e the membrane 
In aqueous solution, the monomenc nisin molecule appears to be quite flexible 
(chapter 2) Two amphipathic structured domains were found residues Alas3-
sAlal9 containing the first three lanthionine rings, А, В and C, and residues Alaj23-
sAla28, including the intertwined lanthionine rings D and E The domains are 
flanked by regions showing structural variability Besides the amphipathicity of 
the structured domains, the molecule is also amphipathic in the sense that most of 
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the hydrophilic residues are found in the C-terminal half, whereas the N-terrmnal 
half contains mainly hydrophobic residues 
In aqueous solution the structure of the C-terminal domain of nisin resembles a 
somewhat overwound α-helix It has been suggested that this structure originates 
from a (transient) α-helical structure in the corresponding part of premsin, the pri­
mary translation product This hypothesis helps to explain the covalent linking of 
the residues 23 and 26 and of the residues 25 and 28, the stereoinversion at the C Q 




In chapter 3 an NMR spectroscopy study of the leader sequence of nisin is pre 
sented This 23-residue peptide adopts a random-coil conformation in water 
Since proteins together with native membranes or with phospholipid vesicles are 
not suited for high resolution NMR due to their size, the active conformation of 
nisin at the cytoplasmic membrane was mimicked by using three membrane-like 
environments micelles of sodium dodecylsulphate (SDS), micelles of dodecylphos-
phocholine (DPC) and a mixture of tnfluoroethanol and water, which is less polar 
than water itself The NMR spectra of nisin in these systems were assigned com­
pletely (chapter 4) 
The spatial structures of nism complexed to SDS and to DPC micelles were elu­
cidated (chapter 5) and are the same, irrespective of the different polar head-groups 
of the detergents As observed for nisin in aqueous solution, the 3D structure con­
sists of two structured domains an N-terminal domain (АІадЗ to sAlal9), and a 
C-terminal domain (Lys22 to sAla28) These domains are flanked by regions show­
ing structural variability The amphipathicity is retained when nisin binds to the 
micelles The structures of nisin in the micellar systems differ significantly from the 
structure in aqueous solution in the first lanthionine ring around dehydroalanine 5 
The micellar model systems allow the interaction of nisin with these membrane-
mimetic aggregates to be studied The molecule is located at the surface of both SDS 
and DPC micelles with the hydrophobic residues immersed into the micelles and the 
hydrophilic residues oriented outwards (chapter 6), pointing at the involvement of 
both hydrophobic and electrostatic interactions in the msin-micelle contacts 
The binding to micelles is considered to model the binding of nisin to the cy­
toplasmic membrane, which is the first step in the execution of its antimicrobial 
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activity Features of this functionally important step are that nisin binds parallel 
to the membrane, changes its conformation in the first lanthionine ring and retains 
its amphipathicity In respons to a membrane potential of sufficient height, the 
molecule is believed to be pulled into the membrane together with attached anionic 
lipids in such a way that the orientation relative to the lipids is not influenced (see 
Figure 6 9 on page 122) In this model the flexibility of the middle part of the 
molecule can be rationalized In the proposed model nisin lies on a highly curved 
surface, it is clear from our studies with micellar systems that nisin can be situated 
on such a surface 
Knowledge of the conformation of nisin and its micelle interaction may aid in a 
rational design of nisin mutants We propose that the hydrophobic residues which 
contact the micelles necessarily have to be hydrophobic, whereas the outward ori-
ented residues have a larger freedom for substitutions that leave the antimicrobial 
activity unimpaired A comparison between the related lantibiotics nisin and sub-
tihn shows that indeed substitutions involving large differences in hydropathy occur 
for residues not immersed into the micelles Based on this, it is suggested that the 




Gedurende de evolutie hebben levende organismen verdedigingsmechanismen ont-
wikkeld Zo produceren bacteriën bijvoorbeeld zuren, peroxyden en bactenocines, 
die de groei van competerende micro-organismen kunnen remmen De interesse voor 
bactenocines neemt toe, evenals het aantal, mede omdat er mogelijke toepassingen 
zijn als geneesmiddel of als voedselconservenngsmiddel Een van de meest bestu-
deerde bactenocines is nisine, maar tot op heden is het precieze werkingsmechanisme 
nog niet bekend Dit eiwit wordt geproduceerd door bacteriën van het geslacht 
Lactococcus lactis subsp lactis Nisine is het eerste door melkzuurbactenen gepro-
duceerde bactenocine waarvoor toepassingen in de voedselindustrie gevonden zijn, 
met name in de zuivelindustrie Het bevat de ongewone aminozuren dehydroalanine, 
dehydrobutyrine, lanthionine en 3-methyllanthionine De laatstgenoemde twee zijn 
elk eigenlijk twee via een thioether verbonden aminozuur residuen, waardoor nng-
structuren in het molecuul ontstaan Naast nisine zijn er nog meer antimicrobiele 
Polypeptiden met lanthiomnes bekend Deze kleine eiwitten worden lantibiotica 
genoemd Het prototype is nisine De werking van nisine tegen bacteriën wordt 
veroorzaakt door de vorming van ponen in de cytoplasmatische membraan Deze 
ponen hebben een kortstondige levensduur en geen eenduidig bepaalde grootte Het 
pone-vormende proces is afhankelijk van de potentiaal die over de membraan staat, 
deze moet voldoende hoog zijn De lipide samenstelling van de membraan heeft een 
invloed op de antimicrobiele activiteit Het in dit proefschrift beschreven onderzoek 
betreft de opheldering, via kernmagnetische resonantie (NMR) technieken, van de 
ruimtelijke structuur van nisine in waterige oplossing en in modelsystemen die de 
membraan, de plaats waar nisine actief is, nabootsen 
In waterige oplossing blijkt het monomere nisine molecuul flexibel te zijn (hoofd-
stuk 2) Er zijn twee amfipathische gestructureerde domeinen gevonden het eerste 
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Alal9 met de eerste drie lanthiomne ringen А, В en 
C, en het tweede domein betreft de residuen Ala£23-
s
Ala28 met de overlappende 
lanthiomne ringen D en E De twee domeinen worden geflankeerd door aminozuur 
sequenties, waarvoor conformationele variabiliteit gevonden is Naast het amfipa-
thisch karakter van de domeinen is het hele molecuul ook amfipathisch, omdat de 
hydrofiele residuen in de C-terminale helft voorkomen, en de N-terminale helft voor­
namelijk hydrofobe residuen bevat 
De structuur van het C-terminale domein van nisine m waterige oplossing lijkt 
op een helix Het idee is geopperd, dat deze structuur ontstaat uit een α-helix 
structuur, die mogelijk (misschien slechts voor een deel van de tijd) aanwezig is in 
dat deel van de prenisine sequentie, het primaire translatie product, dat na de post-
translationele modificaties het C-terminale domein wordt Met deze hypothese kan 
begrepen worden dat de residuen 23 en 26 en de residuen 25 en 28 covalent verbon­
den zijn, dat de chirahteit van het C° atoom van de residuen 23 en 25 geïnverteerd 
is, en ook de structuur van het fragment Ala|23 sAla28 
In hoofdstuk 3 wordt een studie met behulp van NMR spectroscopie beschreven 
aan de leader sequentie van nisine Dit 23 residuen bevattende peptide neemt in 
waterige oplossing een random-coil conformatie aan 
De conformatie van nisine aan of in de cytoplasmatische membraan is die waarin 
het actief is Door hun grootte zijn membranen en vesicles van fosfolipiden niet 
geschikt om samen met nisine met hoge resolutie NMR spectroscopie bestudeerd te 
kunnen worden De membraan is nagebootst met behulp van drie membraanachtige 
systemen micellen van natnumdodecylsulfaat (SDS), micellen van dodecylfosfo-
chohne (DPC), en een mengsel van tnfluoroethanol en water, dit mengsel is minder 
polair dan water De NMR spectra van nisine in deze systemen zijn volledig toege-
kend (hoofdstuk 4) 
De ruimtelijke structuren van nisine gecomplexeerd aan micellen van SDS en 
van DPC zijn bepaald (hoofdstuk 5) In beide micelsystemen is de structuur van 
nisine hetzelfde, onafhankelijk van de verschillen in de polaire kopgroep van de de-
tergenten Evenals waargenomen voor nisine in waterige oplossing bestaat de drie-
dimensionale structuur uit twee gestructureerde domeinen een N terminaal domein 
(Alas3-sAlal9), en een C-terminaal domein (Lys22-sAla28) De omringende amino-
zuur sequenties vertonen conformationele variabiliteit Het amfipathische karakter 
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dat nisine in waterige oplossing heeft, blijft behouden wanneer het aan micellen 
bindt De ruimtelijke structuren van nisine in de micelsystemen verschillen signi-
ficant van die in waterige oplossing in de eerste lanthionine ring, met name rond 
dehydroalanine 5 
Met de micellaire modelsystemen kunnen ook de interacties tussen msine en de 
membraan-nabootsende aggregaten bestudeerd worden Het nisine molecuul bevindt 
zich op het oppervlak van zowel SDS als DPC micellen met de hydrofobe residuen 
verzonken in de micellen en de hydrofiele residuen naar buiten gericht (hoofdstuk 6) 
Dit duidt erop dat zowel hydrofobe als electrostatische interacties bij de nisine-micel 
contacten betrokken zijn 
De binding aan micellen kan als model voor de binding van nisine aan de cyto-
plasmatische membraan beschouwd worden Dit is de eerste stap m het werkings-
mechanisme voor de antimicrobiele activiteit van nisine Karakteristieken van deze 
functioneel belangrijke stap zijn dat nisine parallel aan de membraan bindt, dat 
de conformatie van de eerste lanthionine ring verandert, en dat het amfipathische 
karakter behouden blijft Er wordt aangenomen dat het molecuul, in aanwezigheid 
van een voldoende hoge membraanpotentiaal, samen met omringende lipiden zoda-
nig in de membraan getrokken wordt, dat de oriëntatie van nisine ten opzichte van 
de lipiden onveranderd blijft (71e figuur 6 9 op pagina 122) Het flexibele karakter 
van het middelste deel van het molecuul kan nu met het model verklaard worden In 
het voorgestelde model ligt nisine op een sterk gekromd oppervlak Het is duidelijk 
uit onze studies aan micelsystemen, dat nisine zich op zo'n oppervlak kan bevinden 
Kennis van zowel de conformatie van nisine als de interactie met micellen is be-
langrijk voor een rationeel ontwerp van nisine mutanten Wij veronderstellen dat de 
hydrofobe residuen die in contact met de micellen zijn noodzakelijkerwijs hydrofoob 
moeten zijn, terwijl voor de residuen die zich bevinden aan de buitenkant van de 
micel meer mogelijkheden zijn voor substituties die geen effect op de antimicrobiele 
activiteit hebben Uit een vergelijk tussen de verwante lantibiotica nisine en sub-
tihne blijkt inderdaad, dat vervanging van een aminozuur door een ander met een 
groot verschil in hydrofobiciteit gebeurt voor residuen die niet in de micel verzonken 
zijn Hierdoor is het aannemelijk dat het membraan-contact-oppervlak van nisine 
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